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SUMMARY 
 
The homogeneously catalyzed oxidation of 1-propanol by dioxygen in 
glacial acetic acid using cobalt(II)acetate and sodium bromide as the 
catalyst system has been investigated with the view of determining the 
significance of various experimental variables during the oxidation. 
The results of this investigation show unequivocally that a number of 
reaction variables have a direct influence upon catalytic activity and 
hence the reaction products. It is quite evident that the major product 
of this autoxidation reaction is propionic acid with the respective 
esters as side-products. This is an indication that the autoxidation 
mechanism occurs via a two-stage pathway, namely, the oxidation of 
1-propanol to propionaldehyde as the primary product and, 
subsequently, the further oxidation of the propionaldehyde to 
propionic acid as the major product. Thus the esterification process of 
the propionic acid with the substrate 1-propanol could be termed as a 
side-reaction because its not facilitated by the catalyst system and it 
consumes the formed product.   
 
The catalyst activity has been demonstrated to depend on a number of 
factors, including the bromide concentration, the cobalt(II)acetate 
concentration, the water concentration, reaction temperature, and the 
presence of metal acetates as co-catalysts. There is an observed 
decrease in catalytic activity at high bromide concentration, which 
may be explained in terms of cobalt bromide complexes that form at 
 V
these high concentrations. Subsequently, the same trend of catalyst 
activity reduction at high cobalt(II)acetate concentration  may be 
ascribed to the “inactive” metal complexes that are susceptible to form 
at high metal ion concentrations. The catalytic activity increases with 
increase in total concentration and rapidly decreases at very high 
concentrations. This can be explained in terms of the observations 
made during the investigation of the effect of cobalt(II)acetate and 
bromide concentrations.   
 
The high increase in catalytic activity with increasing temperature is 
ascribed to the Arrhenius law, which relates the rate constant for a 
particular reaction to temperature. However, there is an observed loss 
of catalyst selectivity at high temperatures which maybe due to two 
possible factors. The first is simply related to an increased loss of 
volatile material from the reactor in the oxygen gas stream as the 
temperature is increased. The second relates to the increasing activity 
of the catalyst system for the selective decarboxylation of the 
carboxylic acid product. 
 
The addition of water to the reaction system rapidly reduces the 
catalyst activity. This detrimental effect is an indication that there is 
an effective competition by water with bromide for coordination sites 
on cobalt(II), thereby preventing the formation of the active catalyst 
species. The introduction of metal acetates as co-catalyst reduces the 
 VI
catalyst activity quite dramatically. This inhibition effect is suggested 
to relate to the redox potential of the respective metal ions. 
 
The results of statistical analysis of the experimentally derived 
response surface during the oxidation of 1-propanol, show no 
significant lack of fit, and the residuals obtained by applying the 
response surface to the design settings show that the data is normally 
distributed. The response surface is therefore reliable, but keeping in 
mind that the central composite design used is not rotatable so that 
its predictive power, especially outside the experimental domain 
investigated, is quite limited. However, several interesting 
observations were still possible 
 
The oxidative dehydrogenation of ethanol over supported noble-metal 
catalysts has been investigated with the view of identifying the most 
active supported noble-metal and also to compare this oxidation 
procedure with the autoxidation procedure. Secondly, the effect of an 
acidic resin as a co-catalyst was also investigated during the said 
oxidation. On the basis of results presented in this study during 
oxidative dehydrogenation of ethanol, catalysts no.2 (10% Pd/C), 8 
(2% Pd/Al – Pb-promoted) and 9 (2% Pt/8% Pd/C) appear to be the 
most active in terms of relative rates, while catalysts 6 (10% Pd/C- Pb-
promoted), 7 (5% Pd/C-shell reduced-Pb -promoted) and 10 (5% Pt 5% 
Pd on C) are more active based on the comparison of average rates. 
Two other observations are of interest. Firstly, the promotion of the Pd 
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catalysts with lead appears to improve catalyst activity to some extent 
as shown by the comparisons between catalysts 1 and 5, 4 and 8, 2 
and 6 and 3 and 7. Secondly, the introduction of Pt up to equal 
amounts with palladium seems to produce the most active catalysts. 
On its own, platinum appears to be a better catalyst than Pd when 
supported on activated carbon (catalysts 1 and 12). In comparison 
with the homogeneous, cobalt-bromide catalyzed oxidation of 1-
propanol in the liquid-phase, oxidations over noble-metal catalysts in 
the liquid-phase appear to be significantly less active. The presence of 
the resin promoted the formation of ethyl acetate to some extent, the 
improvements are not as dramatic as expected. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Introduction to the South African Chemical Industry  
The world’s growing population requires increasing quantities of 
food, medicine, agricultural products and drugs.1 This, together 
with our extravagant lifestyles, ensures a continuous demand 
for the products of the chemical process industry. Thus, a major 
role of the chemical process industry is to produce consumer 
end products, which the general public usually purchases to 
satisfy a particular need.  
 
In order to meet these needs, the chemical process industry 
converts raw materials such as coal, oil and natural gas into 
several useful chemical intermediates.1 A vast majority of these 
chemical intermediates are organic chemicals, which find 
widespread application in the manufacture of drugs, medicines, 
fragrances and polymers. It should be duly noted that it is the 
diversity of the manufacturing sector of the chemical process 
industry that makes all of this possible. Furthermore, it is worth 
mentioning that the research efforts of scientists, and the 
technological expertise of chemical engineers and technologists, 
also play an important role in ensuring that the products we 
acquire are effectively applied without constraints. 
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In South Africa, coal rather than petroleum forms the primary 
feedstock for the production of chemical intermediates.2 The 
coal is converted during the gasification process to various 
chemical products such as phenols, sulfur, gasoline, etc. The 
gasification of coal was, therefore, a major factor in the 
development of the industry, as we know it today. As a result, 
the South African chemical industry has experienced 
remarkable growth rates from 1930 to the late 1970’s. This 
growth can also, to a large extent, be attributed to the 
Government’s policy of quantitative import control, which 
protected the local chemical industry from foreign competition. 
This policy compelled the local industries to look inwards and 
focus on import replacement. 
 
The local chemical industry responded by focussing their 
research efforts on the production of commodity chemicals that 
were geared for local demand. These developments within the 
chemical industry proved beneficial up until the late 1980’s. The 
larger companies such as SASOL, Sentrachem and AECI 
benefited substantially in terms of growth and expansion, which 
was to a large extent characterized by rationalizations, closures 
and mergers. However, in the early nineties, the political 
situation in South Africa changed dramatically offering both 
challenges and opportunities for the country’s chemical 
industry.  
 XIV
 
Quantitative import controls were removed in favour of tariff 
protection, thus making large capital investments in the 
industry unattractive. The end result was that the larger 
companies began restructuring by closing unprofitable plants 
and by investing in the core profitable units such as explosives, 
fibres, biotechnology and agricultural products. This change has 
necessitated a shift from the manufacture of commodity 
chemicals, which are less competitive in the export market, to 
the manufacture of downstream chemicals, which are more 
profitable in the export market. This shift is imperative 
especially with the arrival of international companies such as 
Hoechst, Shell, and Du Pont, to name but a few, to our small, 
limited market.  
 
Although the local chemical industry has taken the necessary 
steps to meet the challenges they face with the country’s new 
“political status”, more challenges can be expected especially if 
it is considered that the development of the chemical industry 
has in the past been hampered by the shortages of engineers 
and scientists. However, it can be envisaged that this problem 
will no longer persist since the larger chemical companies have 
taken a keen interest in involving both universities and 
technikons in research and development programs. 
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The major development in the organic sector of the South 
African chemical industry occurred with the acquisition of 
rights to the German Fischer-Tropsch process by Anglovaal in 
1935.  Interest in the oil from coal process increased 
dramatically. Although the rights to the Fischer-Tropsch 
process were acquired, the outbreak of World War II prevented 
the operation of the process in this country.  Intensive research 
was done during the inter-war years so as to gain experience on 
oil from coal chemistry processes. The result of the research 
was the establishment of the Government-sponsored South 
African Coal, Oil and Gas Corporation Ltd, commonly called 
SASOL, in 1950, and the Fischer-Tropsch process was then 
commercially applied in 1955 in the new plant. Extensive 
research was carried out on the oil from coal process, with the 
aim of improving the plant’s cost efficiency and general 
performance of the process. The combination of the fixed-bed 
(German) and fluid-bed (American) Fischer-Tropsch processes 
gave birth to the first SASOL oil from coal process. During the 
sixties, the company became the major supplier of raw materials 
such as solvents for paint, butadiene and styrene for synthetic 
rubber, and ammonia for nitrogenous fertilizers, in the chemical 
industry. The original design of the process gave problems and 
the desired changes were implemented, and then the modified 
version of the design was licensed in 1972 as the Sasol Synthol 
process. 
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Coal provided more than two-thirds of the world’s energy needs 
prior to World War II, but by 1973, oil was providing more than 
half of the needs.3 The OPEC oil supply crisis of the early 
seventies focused world attention on the energy potential locked 
in the earth’s abundant coal reserves. The South African 
chemical industry, being rich in coal, responded by 
commissioning a second oil-from-coal plant. The plant was 
constructed in Secunda and was known as SASOL II. The 
country was still dependent on imported crude oil mainly from 
Iran for just a small percentage of its energy requirements. The 
overthrow of the Shah in the Middle East and the outbreak of 
the Iraq and Iran war in the late seventies precipitated a further 
oil crisis and the construction of SASOL III adjacent to SASOL II 
in 1982 was the result. 
 
The research and development carried out since the inception of 
the company in the fifties has led to continuous improvement of 
the Fischer-Tropsch process and its product stream, firstly 
through the Synthol process and more recently through the 
Sasol Advanced Synthol process. This has resulted in fuels 
being produced with greater efficiency and an increasing 
number of petrochemical feedstock and downstream chemicals 
such as esters, aliphatic alcohols, etc. are being extracted from 
the product stream at SASOL I and II. The Fischer-Tropsch 
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process in operation at the SASOL plants is shown in Figure 
1.1. The extracted chemicals are either processed further to 
produce high-value downstream chemicals such as aliphatic 
carbonyls like aldehydes and esters, or purified and sold to the 
local and international markets.   
 
The shift in the company’s emphasis is noticeable at the plant 
in Sasolburg where the emphasis is on increasing the 
production of high-value products such as phenol and cresylic 
acids from crude tar acids (end product of the coal gasification 
process). This shift highlights the intensity of the competition 
encountered on the global market where the market for bulk 
commodities is saturated, while the downstream chemical 
markets are rapidly developing. The company had to follow this 
trend in order to stay competitive on the international scene. 
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Figure 1.1: The Fischer-Tropsch process at SASOL plants 
 
1.2 Scope and Objectives of the Investigation 
One of the feed streams from the Sasol process that can be 
upgraded is the aliphatic alcohol stream, and forms the main 
subject of this particular investigation. In particular, a key 
technology in this regard is the oxidation of the alcohols to the 
corresponding ketones, aldehydes, acids and esters, the primary 
focus of the said investigation. In particular, this investigation 
will essentially be concerned with the liquid-phase, direct 
catalytic air oxidation of aliphatic alcohols to the corresponding 
carbonyls such as aldehydes, carboxylic acids and esters using 
dioxygen (O2) as primary oxidant. The basic motivation behind 
the use of O2 is based on the trends observed in the literature 
on catalysis technology.4-7  These trends are summarised as 
follows: 
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• The drive towards cleaner and safer environmental practices. 
This observation reflects an increasing public and 
governmental concern with the effects of chemicals and 
industrial emissions on the environment. The ability to 
participate in an international market is increasingly being 
determined by a company’s capability to operate within 
specific, internationally acceptable environmental 
standards.8 These considerations are particularly relevant to 
the production of downstream chemicals, since low 
production volumes and high profit margins have, until now, 
facilitated the use of many stoichiometric reactions and 
reagents. It is therefore a characteristic of multi-step 
synthetic routes to produce considerable amounts of by-
products. In some cases, the production of by-products 
exceeds the mass of final product by significant margins.9 
• The drive towards simple production routes with high 
selectivities towards the required product. This is simply a 
reflection of the need for producers of commodity and fine 
chemicals to maintain economic competitiveness. 
 
Several technologies exist for the conversion of alcohols to 
aldehydes, ketones, acids and esters, and these will be 
discussed in more detail in the following sections. In this 
investigation, however, the emphasis will be on the catalytic, air 
 XX
liquid-phase air autoxidation of alcohols in the presence of 
cobalt(II)acetate promoted by bromide in glacial acetic acid. 
 
1.3 Introduction of Alcohol Oxidation Methodologies 
When considering the practice of alcohol oxidations, one needs 
to distinguish between “bulk” oxidations and “fine chemical” 
oxidations as the approaches can be, and are, vastly different. 
In the former case, the oxidation of methanol to formaldehyde or 
the oxidation of ethanol to acetaldehyde, acetic acid and/or 
ethyl acetate would be typical examples. In the latter case, the 
oxidation of 3-hydroxybenzyl alcohol to 3-
hydroxybenzaldehyde10 or the oxidation of quinine11 can be 
quoted as examples. The major difference lies in the value of the 
final product; the lower the value of the final product, the lower 
must be the cost associated with the oxidation process. 
 
1.3.1 “Bulk” oxidations 
Three methodologies are available for the industrial oxidation of 
alcohols to “low” value products, namely dehydrogenation (with 
recovery of hydrogen), oxidative dehydrogenation (with energy 
recovery) and autoxidation. Industrial processes may be carried 
out in either the gas-phase (the preferred method for 
dehydrogenation and oxidative dehydrogenation) or in the 
liquid-phase (potentially applicable to all three methodologies, 
 XXI
but especially suited for autoxidations). Each of these methods 
will be reviewed in some detail in Section 1.4. 
 
1.3.2 “Fine chemical” oxidations 
An exceedingly wide range of methods exists for the oxidation of 
“fine” alcohols to the corresponding ketones, aldehydes, acids or 
esters. These include non-catalytic oxidations using 
stoichiometric oxidants (especially-metal containing oxidants), 
catalytic oxidations using stoichiometric oxidants (e.g. hydrogen 
peroxide, sodium hypochlorite, DMSO, etc.) and catalytic 
oxidations using dioxygen as primary oxidant. 
Alcohol oxidations using metal oxidants such as the oxides of 
chromium, manganese, selenium, and lead12 have formed the 
backbone of methodologies for the oxidation of alcohol groups 
during the synthesis of fine chemicals such as pharmaceutical 
and agricultural compounds. Despite significant advances in 
the “responsible” use of such reagents, for example by using 
electrochemical recycling of the metal oxidants,13 these 
methodologies are under increasing pressure due to changing 
environmental regulations introduced by environmental 
protection agencies. These methodologies will not be considered 
any further during this work. 
 
The demise of metal oxidations referred to above led to the 
development of an exceedingly wide range of catalytic, selective 
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oxidation protocols of alcohols to the corresponding carbonyl 
compounds using a variety of environmentally friendly 
oxidants14 Table 1.1 lists the most commonly used oxidants for 
these oxidations together with the percentage “active oxygen” 
and by-product produced for each oxidant. Of these, oxidations 
using molecular oxygen and hydrogen peroxide appear the most 
attractive and will be discussed in greater detail in Sections 1.4 
and 1.5. 
 
 
 
 
Table 1.1 Most commonly used oxidants 
OXIDANT % ACTIVE 
OXYGEN 
BY-PRODUCTS AND 
COMMENTS 
O2 100 None. 
H2O2 47 H2O. Enviromentally attractive. 
O3 33 O2. Potentially enviromentally attractive. 
NaOCl 21.6 NaCl. Although nontoxic, inorganic salt 
by-products are to be avoided in general. 
ClO- can produce toxic and carcinogenic 
chlorocarbon by-products in some cases. 
t-BuOOH 17.8 t-BuOH. Commercially important in 
catalyzed oxygenations. 
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C5H11NO2 13.7 C5H11NO. 
KHSO5 10.5 KHSO4. Water-compatible but generates 
marginally toxic salt. 
C6H5IO 7.3 C6H5I. Metal-catalyzed oxidations are often 
quite selective but cost is prohibitive. 
 
1.4 Overview of Current Industrial Practices 
The current commercial oxidative methodologies for the 
conversion of alcohols to ketones, aldehydes, acids and esters 
may conveniently be divided into three main categories, namely 
dehydrogenation, autoxidation, and oxidative dehydrogenation.  
 
 
 
 
1.4.1 Dehydrogenation of alcohols 
The catalytic dehydrogenation of primary alcohols to the 
corresponding aldehydes is a proven industrial process. From a 
thermodynamic point of view, the dehydrogenation of alcohols is 
a clean, reversible reaction.15 The position of the 
dehydrogenation equilibrium depends on the temperature used.  
The structure of reactants also governs the position of the 
equilibrium to a certain extent. Suitable temperature ranges for 
this process, in order to achieve acceptable conversions, is 
found between 247ºC and 447ºC.16 Most alcohols of interest for 
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industrial practices have lower boiling points and are, therefore, 
usually introduced onto the solid catalyst in the gaseous state. 
However, catalytic dehydrogenation in the liquid-phase is also 
known.17 
 
Under certain reaction conditions, the dehydration of alcohols 
into the corresponding alkenes occurs in preference to the 
dehydrogenation process. This is especially noticeable with most 
metal oxide catalysts such as copper, silver, zinc, chromium, 
etc. and carriers for metallic catalysts.18 Thus, in the 
development of practical dehydrogenation catalysts the 
suppression of alkene formation is a major objective.  
 
The dehydrogenation of primary alcohols to aldehydes can be 
catalyzed by a great number of solids such as metal oxides. 
Most of these oxides have the ability to catalyze both 
dehydrogenation and dehydration simultaneously during the 
reaction.19,20   The dominance of one over the other depends 
entirely on the conditions of catalyst preparation and its purity. 
However, the dehydration activity is successfully suppressed by 
the addition of small amounts of strong basic oxides such as 
sodium oxide so as to poison acidic centers, and hence promote 
dehydrogenation activity. However, some oxides such as the 
oxides of zinc, copper, chromium, manganese, iron and 
combinations of them exhibit only dehydrogenation activity, 
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whereas other oxides such as those of aluminium and silicon 
exhibit dehydration activity only. Another group of 
dehydrogenation catalysts with high selectivities are metals 
such as copper, silver, etc. Most of the dehydrogenation 
processes are characterized by short residence times and 
simultaneous recovery of pure hydrogen, which can be used 
directly in hydrogenation processes.21 Despite this potential 
economic advantage of pure hydrogen, this process is not widely 
used in industry due to availability of competitive raw materials 
and technologies, which are more cost-efficient in comparison. 
 
1.4.1.1 Typical industrial process description 
The dehydrogenation of ethanol is an endothermic process and 
is normally carried out at atmospheric pressures. This process 
is catalyzed by a copper catalyst containing ZnO, Cr2O3, or 
MnO, typically in the form of extrudates. The reaction 
temperature ranges from 260 to 320
 
C. The hydrogen produced 
is very pure and can thus be used in other hydrogenation 
processes. The reaction conversion is kept to between 30 and 
50%, and the selectivity reaches about 90% with side-products 
being ethyl acetate, higher alcohols and ethylene. The resulting 
gaseous acetaldehyde is washed with water and distilled, while 
the unreacted ethanol is recycled. 
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1.4.2  Oxidative dehydrogenation of alcohols22 
This is the most important industrial process for the production 
of “low-value” aldehydes from alcohols. The process is 
essentially a combination of two reactions, namely, the 
dehydrogenation of the alcohol, and the combustion of the 
hydrogen formed from the latter step. Oxidative 
dehydrogenation procedures may be carried out in either the 
gas-phase or in the liquid-phase. The latter procedure is 
essentially used for the production of high-value products in the 
fine and intermediate chemical sectors.  
 
The gas-phase oxidative dehydrogenation process is 
characterized by the use of silver or copper catalysts, high 
temperatures (590 –720
 
C) and short residence times. 
 
1.4.2.1 Typical gas-phase process description 
The BASF formaldehyde process, which is carried out at atmospheric pressure using silver 
granules as catalyst,23-25 typifies these processes. The feed gas, consisting of methanol and a 
stoichiometric amount of air, is diluted by steam and passed at temperatures ranging from 590 
to 720ºC over a shallow catalyst bed of a few centimetres thickness. This system allows 
complete conversion of methanol yielding 92% formaldehyde with the rest being by-products 
such as methyl formate, methane, and formic acid. The decomposition of formaldehyde to CO 
and H2 is avoided by the short residence time in the catalyst bed, and is optimized by using 
granules with well-defined particle sizes and by rapid quenching of the reactor exit gas 
directly after the bed exit to 147ºC. The formaldehyde process can also be carried out between 
580ºC and 647ºC resulting in incomplete methanol conversion requiring distillative recovery 
of methanol. The addition of water is claimed to be beneficial for the conversion of methanol 
and for the lifetime of the catalyst. N2O instead of O2 can be used as the oxygen source for the 
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oxidative dehydrogenation of methanol, but this results in low substrate conversions and is not 
commercially important.26 
 
The oxidative dehydrogenation of ethanol to acetaldehyde using silver granules or nets is also 
practiced industrially.27 The alcohol conversion varies between 30 and 50% per pass with a 
selectivity ranging from 85-95%. By-products of this process are acetic acid, ethyl acetate, 
formic acid, CO and CO2. This process is competing with the partial oxidation of ethylene 
(Wacker-Hoechst process). 
 
1.4.2.2 Typical liquid-phase process description 
The oxidation of alcohols may be performed under mild conditions, 20 to 90ºC and 
atmospheric pressure with air or O2 as the oxidant in the presence or absence of solvent in the 
liquid-phase.28 The rate of the reaction increases with increasing O2 partial pressure. There are 
however, only a few examples in which O2 partial pressures considerably higher than 1 bar 
have been used.29,30  Although it is difficult to study the influence of pH during these 
reactions, it has been established that there is usually a positive correlation between pH and 
reaction rate.31-33   
 
Typically, processes are carried out in slurry reactors by stirring a suspension of the catalyst 
particles in an aqueous alcohol solution through which air or O2 is bubbled. The most 
commonly used catalysts are noble metals, particularly palladium and/or platinum, supported 
on a carrier such as activated carbon, silica or alumina.34 Mass-transport limitations, due to 
pore diffusion and the absorption of gaseous O2 and its diffusion to the catalyst, are minimized 
by vigorous stirring and the use of small catalyst particles. The choice of solvent in these 
oxidations is limited. However, excellent yields and selectivities were reported in organic 
solvents such as heptane, ethyl acetate, dioxane, acetic acid, and acetone.32,35-37  It should 
however be mentioned that only oxidations in the aqueous phase are of practical importance 
due to safety considerations. 
 
In a recent extensive review on the oxidation of alcohols with O2 in the presence of platinum 
and palladium catalysts in aqueous solutions, a major shortcoming of these methodologies, 
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namely the rapid deactivation of the catalyst, was highlighted.28 The observed deactivation is 
commonly ascribed to self-poisoning, i.e., the oxidation of active catalyst sites to inactive 
oxides and over-oxidation of the substrate leading to the irreversible adsorption of such 
oxidation products. Deactivation may be partly overcome by promoting the catalyst (Pt/Pd) 
with large metal ions such as bismuth or lead. Therefore, a typical liquid-phase catalyst will 
consist of the active metal Pt/Pd promoted by Bi/Pb and other metals supported on activated 
carbon.  
 
In view of the high costs associated with noble-metal catalysts 
and the rapid deactivation of these catalysts during oxidations, 
the oxidative, liquid-phase dehydrogenation of alcohols is 
currently used only for the production of high-value products 
from alcohols. However, this technology may be considered as 
an alternative emerging technology to the established gas-phase 
process, particularly if the stability problems of these catalyst 
systems can be resolved. 
 
1.4.3  Autoxidations 
It is well known that carboxylic acids such as acetic acid can be 
produced by liquid-phase oxidation processes.38 These 
processes include liquid-phase oxidation of lower aliphatic 
alcohols such as ethanol to acetic acid wherein a rare earth 
metal catalyst and activator substances such as acetaldehyde or 
methylketone are required to catalyze the reactions. The catalyst 
together with the activator substance are usually required in 
greater than stoichiometric amounts so as to give high 
conversion rates and high yields. However, the high cost of 
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these additives relative to the aliphatic alcohol substrate is a 
major shortcoming of this process. Alternative to this process, 
the use of a catalyst system comprising cobalt(II)acetate, 
manganese(II)acetate and bromide may be used in the absence 
of activator substances. The corresponding aliphatic carboxylic 
acid can be produced in good selectivity and high yield in this 
manner. 
 
1.4.3.1 Typical industrial process description38 
This process is typically carried out in a continuously fed 
stirred-tank reactor (CTSR) under isothermal conditions. The 
oxidation catalyst, consisting of cobalt(II)acetate, manganese(II) 
acetate and HBr is dissolved in a solvent mixture consisting of 
acetic acid and water. The reactor charge is heated to 204
 
C 
and pressurized to 350 psi. When the required pressure and 
temperature are attained, addition of ethanol and air begins. 
Aqueous ethanol is added continuously for 68 minutes after 
which the reaction is quenched and analyzed. Typical yields of 
73 mol % for acetic acid are obtained with the rest of the 
reaction mixture being ethyl acetate, acetaldehyde and 
unreacted ethanol. 
 
1.4.4  Competing technologies 
A number of technologies exist for the production of specific 
aliphatic aldehydes, ketones, acids and esters. The more 
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important ones are briefly outlined below, but will not be 
discussed in any detail. 
 
1.4.4.1 Alkene oxidation21 
The so-called Wacker-Hoechst process has been used 
extensively for the production of acetaldehyde from ethylene. 
This process involves the partial oxidation of ethylene in the 
aqueous phase in the presence of a two-component catalyst 
consisting of PdCl2 and CuCl2 (equation 1): 
   
+ 0.5O2 CH3CHO            (1)H2C CH2
 
 
Acetaldehyde is only formed from the reaction between ethylene 
and palladium chloride (equation 2). The metallic palladium is 
subsequently re-oxidized by copper chloride, which is later 
regenerated with oxygen (equation 3 and 4): 
C2H4 +   PdCl2     +    H2O            CH3CHO     +     Pd  +   2HCl     (2)  
Pd       +    2CuCl2   PdCl2            +   2CuCl
2CuCl  +    0.5O2     +   2HCl 2CuCl2          + H2O
(3)
(4)
 
 
 
1.4.4.2 Alkene hydroformylation for the production of 
aldehydes 
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In the hydroformylation process, olefins/alkenes are reacted 
with an equimolar mixture of carbon monoxide and hydrogen in 
the presence of a catalyst to form aldehydes with one more 
carbon atom. 
 
CH2RCH +  CO   +    H2     RCH2CH2CHO   +  RCH(CH3)CHO    (5)
 
 
Hydrido transition-metal carbonyls having the general formula 
HM(CO)4 (where M=Co, Rh or Ru) serve as catalysts, most 
commonly as  homogeneous catalysts. (Heterogenized 
hydroformylation catalysts have received considerable industrial 
attention over the past 5-10 years, but it is not clear to what 
extent these catalysts have found commercial application for the 
production of aldehydes). Industrially, hydroformylation 
processes operate at temperatures between 90 and 180 
 
C and 
pressures ranging between 2.5 and 35 Mpa. 
 
1.4.4.3 Alcohol carbonylation for the production of 
carboxylic acids 
The most significant discovery in recent years in carbon 
monoxide chemistry has been the Monsanto process.39  It was 
discovered that in the presence of iodide, certain soluble 
carbonyl complexes of rhodium and iridium are capable of 
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catalyzing the carbonylation of methanol to form acetic acid 
under low (30-40 atm) pressure conditions. 
 
CH3OH       +       CO     CH3COOH (6)
 
 
This process (Monsanto) offers advantages over alternative 
iodide-promoted cobalt carbonyl processes due to milder 
working conditions (180
 
C /35 atm as compared to 230
 
C /600 
atm for cobalt) and greater product selectivity. 
 
 
1.4.4.4 The Tischenko reaction for the production of 
esters 
The Tischenko reaction can be used to produce carboxylic acid 
esters, such as ethyl acetate, by direct conversion of the alcohol 
via the aldehyde using aluminum alkoxide catalysts. This is a 
condensation reaction between two aldehydes to form an ester 
 
2RCHO RC
O
OR
(7)
 
In industrial practice, the aldehyde is passed through 
aluminium filings in an ethanol-ethyl acetate solvent mixture 
containing traces of AlCl3 at 0-5
 
C. The reaction is exothermic 
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and evolves hydrogen. The use of an intensive cooling system 
prevents the loss of organic matter. 
 
1.4.4.5 Fine chemical oxidations 
The selective oxidation of alcohols to carbonyl compounds in the 
fine and specialty chemicals industry is of great importance. 
Transition metal catalysts, both homogeneous and 
heterogeneous systems, in conjunction with a variety of 
oxidants may be used. In fact, the wide range of procedures 
found for different substrates is a particular characteristic of 
these oxidations.  
 
 
1.4.4.5.1 Oxidations with molecular oxygen 
These types of oxidations involve the use of both homogeneous 
and heterogeneous catalysts. Most examples of homogeneously 
catalysed oxidations involve the use of group VIII metal 
complexes, especially ruthenium.40 A typical example is the use 
of RuCl3 for the oxidation of activated alcohols such as allylic 
alcohols. Trinuclear ruthenium carboxylate catalysts are 
however much more active and may be used successfully for the 
oxidation of lower aliphatic alcohols such as ethanol and 
propanol.41 
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An interesting and useful variation involves the use of hydrogen 
acceptors in conjunction with the primary catalyst. The most 
frequently used hydrogen acceptor is benzoquinone, forming 
hydroquinone during the reaction cycle (Figure 1.2). The use of 
a second catalyst component, for example Co(salophen)(PPh3), 
allows regeneration of benzoquinone by reaction with molecular 
oxygen.  
 
 
Figure 1.2 Ruthenium catalyst in combination with a 
hydrogen acceptor for aerobic oxidations 
 
Analogous to the homogeneous catalyst systems discussed 
above, many heterogeneous catalyst systems are based on 
ruthenium and both ruthenium metal (e.g. 5% Ru/C) and 
oxoruthenium species (e.g. RuO2) are capable of catalyzing the 
aerobic oxidation of activated alcohols.42 Besides carbon, cerium 
dioxide can also be used as support, in which case primary 
alcohols can be oxidized at elevated temperatures.43 An 
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alternative approach to immobilizing a homogeneous catalyst is 
by attachment to a polymer support. A good example of this is 
the polymer-supported perruthenate (PSP), in which the 
polymer is Amberlyst A-26, and which is capable of oxidizing a 
wide range of alcohols, albeit at lower rates than the 
corresponding homogeneous catalyst.44 
 
1.4.4.5.2 Oxidations with hydrogen peroxide 
In contrast to aerobic oxidations where the most effective 
catalysts are late transition metals, oxidations using hydrogen 
peroxide as primary oxidant usually involve early transition 
metals having a d0 electronic configuration. For homogeneous 
catalysts, molybdenum(VI) and tungsten(VI) compounds appear 
to be the most effective catalysts. Typical examples of such 
compounds include Na2WO4, Na2MoO4 and (NH4)6Mo7O24.4H2O. 
In combination with phase transfer catalysts, these systems can 
be very effective for the oxidation of secondary alcohols with 
H2O2: substrate ratios as low as 1.1: 1.45 
 
Analogous to homogeneous catalyst systems, heterogeneous 
catalysts also involve early transition metals having a d0 
electronic configuration. However, by far the most effective 
catalyst developed for these oxidations thus far is that which 
uses titanium(IV) as the active metal catalyst.46 The example par 
excellence is titanium silicate (TS-1),47 which is an 
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isomorphously substituted molecular sieve. One of the main 
reasons quoted for the success of TS-1 as catalyst is that the 
hydrophobicity of the framework stimulates the adsorption of 
the relatively hydrophobic substrates and hydrogen peroxide 
from an aqueous medium.46 A major disadvantage of TS-1 based 
systems is the fact that the restricted pore size of these catalysts 
severely restricts the range of substrates that may be oxidized.48 
Much work has, therefore, gone into the development of similar 
catalyst systems with larger pore sizes, e.g. Ti-Beta.49 
 
1.5 Mechanistic Considerations 
1.5.1 Dehydrogenation   
Studies into the mechanistic steps of the dehydrogenation of alcohols revealed the existence of 
two mechanisms. These are the so-called “carbonyl mechanism” and the “enolic mechanism”. 
In the carbonyl mechanism, the hydrogen from the hydroxyl group and an alpha–hydrogen are 
split, either simultaneously or in two steps: 
C
H
O H C O     +   H2         (8)
 
 
 
The enolic mechanism involves the splitting of a beta - hydrogen together with an alpha-
hydrogen to yield an intermediate enol, which subsequently rearranges to the carbonyl 
compound: 
 
C C O H
H H
-H2 C C O  H C C O
H
 (9)
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Sufficient evidence has been established during the use of oxides as catalysts as to support the 
two-step “carbonyl mechanism”. This evidence was achieved by means of deuterium isotope 
effects where it was found that the rate-determining step is the splitting of the alpha-
hydrogen50-52 and this excludes direct participation of the beta- hydrogens in the mechanism. 
The general opinion is that the first step is the dissociative adsorption of the alcohol with 
formation of a surface alkoxide and an adsorbed hydrogen atom.50,51,53-55 The next step is 
assumed to be the reaction of an alpha-hydrogen and the adsorbed H with liberation of H2 gas 
and is believed to be the rate-determining step. The aldehyde or ketone so formed remains 
adsorbed either through a carbonyl or an enolic group. The suggested adsorption of the 
alcohol in the form of a surface alkoxide was modelled by quantum-chemical calculations,50,56 
and it was found that the alpha-hydrogen is activated. However, contrary to that, the 
adsorption through the hydroxyl group results in activation of  the beta-hydrogen and leads to 
dehydration.57 
 
1.5.2 Oxidative dehydrogenation 
There is considerably less knowledge about the reaction 
mechanism in solution (liquid-phase) compared with gas-phase 
reactions mainly because of the higher complexity of the 
reaction system including a solvent. The surface-science 
techniques used to study gas-phase reactions are not applicable 
to liquid-phase systems. Instead, electrochemical tools such as 
electrodes are used to obtain information regarding oxidation 
state changes, activation and deactivation processes.28 The one 
mechanistic difference between gas- and liquid-phase oxidations 
is that in gas-phase oxidations a possibility exists that the 
carbonyl product formed can be hydrated, yielding geminal 
diols. The resulting geminal diol in gas-phase oxidations may be 
 XXXVIII
more reactive than the corresponding aldehyde and results in 
the formation of a carboxylic acid as the final product; this 
phenomenon depends on the pH of the reaction.58   
 
There is no agreement in the literature as to whether oxidative 
dehydrogenation in the liquid-phase proceeds via adsorbed 
alkoxy species, or whether the abstraction of hydrogen is 
oxygen-assisted or not. However, the following main steps 
(Scheme 1.1) are assumed to occur on the surface of platinum 
catalyst during liquid-phase oxidations.33,59-63 
 
According to this mechanism, the oxidation of the aldehyde 
intermediate is a dehydrogenation step via the hydrated form.  If 
glycol formation is negligible, the aldehyde to acid 
transformation is an oxidation reaction, which necessitates 
higher oxygen coverage on the metal surface than the 
dehydrogenation of the alcohol molecule. The selectivity for the 
carbonyl intermediate will be high in these instances. 
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Dehydrogenation of adsorbed alcohol:
RCH2OHad RCHOad + 2Had (10)
RCHOad
Hydration of the aldehyde:
RCH(OH)2,ad (11)
Product deprotonation and desorption:
RCH(OH)2,ad
+ OH- RCOO- + H2O (13)
Dehydrogenation of the glycol:
RCOOHad
RCOOHad + 2Had (12)
Oxygen absorption:
O2 + 2H2O 4OHad (14)
Oxidation of adsorbed hydrogen:
4OHad + 4Had 4H2O    (15)
RCH2OH + O2 RCOO- + 2H2O    (16)
+    H2O
+   OH-
 
Scheme 1.1 Oxidative dehydrogenation mechanism 
 
For reaction (10), it was proposed that the reaction start with 
proton abstraction, followed by hydride transfer from the carbon 
atom towards the noble metal’s surface:64 
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RCH(OH)2,ad + OH- RCH2O-ad + H2O (17)
RCH2O-ad RCHOad + H
-
ad (18)
H-ad + Oad OH-ad (19)
 
 
The above mechanism has, however, been disputed61 based on 
the fact that the deprotonation of very weak acids such as sugar 
alcohols in weakly alkaline medium is not likely to occur. 
Moreover, in alkaline medium the platinum metal surface is 
partially covered by OHad instead of Oad 65-67: 
 
Pt + OH-ad Pt OHad + e
- (20)
 
 
The alternative possibility is that hydrogen abstraction from the 
adsorbed alcohol molecule occurs in two successive steps with 
the  
O-H bond being broken first to form surface alkoxides:68-70 
 
RCH2OHad RCH2Oad Had+ (21)
RCH2Oad RCHOad Had+
(22)
 
 
The final step is the oxidation of the adsorbed hydrogen to 
water. It has also been suggested that the O-H bond is broken 
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after the C-H bond65,71,72 illustrating the confusion regarding the 
exact elementary steps of the oxidative dehydrogenation of 
alcohols.  
 
1.5.3 Autoxidation 
The liquid-phase autoxidation of alcohols by air or dioxygen 
offers an alternative to the dehydrogenation/oxidative 
dehydrogenation of alcohols described previously. Although 
autoxidative procedures are well established for the conversion 
of alkylbenzenes to the corresponding carboxylic acids, much 
less attention has been paid to the use of autoxidative 
procedures for the conversion of (aliphatic) alcohols to their 
corresponding ketones, aldehydes, acids and esters. 
 
Most of the work reported on the liquid-phase autoxidation of 
alcohols deals with homogeneous catalysts. Much of this work 
is concerned with establishing the particular reaction 
mechanism in operation, and little, if any, consideration is given 
to technological aspects. However, from these reports, the 
following observations are important when considering the 
potential commercial application of these oxidation procedures. 
 
• Homogeneous catalysts are often added in the form of their 
halogen (chloride and bromide) derivatives, or require halogen to 
promote the oxidation reaction.73-76 The presence of halogens 
invariably results in the formation of halogenated by-products 
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which, as in the case of the oxidation of ethylene by the Wacker-
process, will require stringent waste recovery and disposal 
measurements. 
• Homogeneous catalysts invariably exist and operate as discreet 
complexes. Any change in the nature of the active complex 
results in catalyst deactivation, often irreversibly.77,78  The 
nature of the oxidation reactions under consideration may lead 
to the destruction of homogeneous metal complexes in one of 
two ways, namely by oxidation of the organic ligand, and by 
hydrolysis of the metal complex. Oxidative destruction of 
participative and/or spectator ligands are often catalyzed by the 
metal centre under the particular reaction conditions being 
used. Hydrolysis of metal complexes by water formed as by-
product of the oxidation reaction require measures for the 
continuous removal of water from reaction mixtures.78 
• Homogeneous catalysts often require the use of a solvent, which 
reduces effective reactor space and also adds to recovery and 
recycling costs. Types of solvents reported vary widely from 
acidic (aqueous and organic),79 neutral, non-coordinating 
organic solvents,73,77,78 to basic aqueous solutions.80 
• Although the reaction product may conveniently be removed by 
distillation during the oxidation of alcohols to aldehyde, catalyst 
recovery and recycling may prove problematic in cases where 
the carboxylic acid is the desired product, or where it is formed 
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as by-product, particularly in organic and basic aqueous 
solvents. 
 
The free radical oxidation of alcohols (autoxidation) takes place through a radical chain sequence. 
The chain can be initiated either through hydroxyperoxide or hydroperoxide radicals depending on 
the alcohol oxidation conditions; for example, at low temperatures in the absence of base, the 
reaction involves hydroxyperoxide radicals whilst at high temperatures in the presence of bases, 
the oxidation involves hydroperoxide radicals. In oxidation reactions in which initiators are not 
deliberately added, free radicals are formed by reactions between the alcohol and oxygen.  
 
Typical autoxidation reactions involving alcohols produce carbonyl compounds and hydrogen 
peroxide as the primary products via the sequence of steps illustrated in Scheme 1.2. 
R2CHOH             R2COH                      (23)
            R2COH +  O2 R2C
OH
O2
                      (24)
R2C
OH
O2
+  R2CHOH R2C
O2H
+  R2COH             (25)
OH
R2C
O2H
OH
R2C O       +  H2O2         (26)
.
.
.
.
.
+      H
.
 
Scheme 1.2 Typical autoxidation steps 
 
The catalytic oxidation of aliphatic alcohols is influenced by 
many metals, but only metals that can occur in two valence 
states, separated by one electron unit, can act catalytically.81 
These are principally Co2+/Co3+ and Mn2+/Mn3+.81 The metal 
complexes may either increase or decrease the rate of alcohol 
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oxidation. An increase in oxidation rate is observed when the 
metal ion participates in radical initiation by homolytic cleavage 
of hydroperoxides formed in situ. A decrease in reaction rate is 
observed when the metal ion reacts predominantly with alpha-
hydroxyperoxy radicals in a chain termination reaction. 
Manganese complexes have been reported to slow alcohol 
oxidation rates in some cases due to the involvement in chain 
termination reactions,82 while cobalt, copper and chromium 
complexes were reported to promote oxidation rates of 
alcohols.83,84 
 
1.5.4 Peroxide-mediated oxidations 
As discussed in the preceding sections, catalytic oxidation 
methodologies that employ clean oxidants such as molecular 
oxygen and peroxides such as hydrogen peroxide are of growing 
importance in particularly the fine chemical industry for the 
oxidation of alcohols in view of their environmental advantages. 
A discussion on alcohol oxidations would therefore not be 
complete without a brief overview of these oxidations.  
 
Oxidation reactions employing peroxides as primary oxidants 
are catalyzed by a variety of transition metals and transition 
metal ions. Two distinct mechanistic pathways, involving either 
peroxo-metal or oxo-metal species as the active oxidants, have 
been established. The difference in these two pathways is clearly 
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illustrated in Figure 1.3. The major difference within these 
pathways is the oxidation state of the metal ion during the 
catalytic cycle. In the peroxo-metal pathway, the metal ion does 
not undergo any change in oxidation state during the catalytic 
cycle and no oxidation is observed in the absence of hydrogen 
peroxide.  In the oxo-metal pathway, however, there is a change 
in the oxidation state of the metal ion of two electron units and 
it has been observed that a stoichiometric oxidation with the 
oxidized metal ion in the absence of H2O2 does occur.  
 
These two pathways are also distinguished by the transition 
metal ions that catalyze them. The peroxo-metal pathway is 
typically catalyzed by relatively weak oxidants such as Mo(VI) 
and Ti(IV), with a d0 configuration, whilst the oxo-metal 
pathway is characterized by early first row transition elements 
such as Cr(VI) and Mn(V), which are strong oxidants in their 
highest oxidation states. It is possible that some metal ions can 
operate via both pathways depending on the substrate; for 
example Vanadium(V) operates via a peroxo-metal pathway in 
olefin epoxidations and via an oxo-metal pathway in alcohol 
oxidations.85   
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Figure 1.3 Alcohol oxidation: oxometal versus peroxo pathways 
 
1.6 Commercial Application of Alcohol Oxidation Products 
1.6.1 Aldehydes 
Aliphatic aldehydes are virtually exclusively used as 
intermediates in the production of other chemicals. The 
production of acetaldehyde, propionaldehyde, etc. as precursors 
for the production of corresponding alcohols, esters and 
carboxylic acids are typical examples. Apart from being used as 
intermediates in a wide range of fine and commodity chemicals, 
they are also important in reduction, oxidation and 
condensation (aldol) reactions. 
 
1.6.2 Ketones 
The main industrial applications of most ketones such as 
acetone are as chemical intermediates and as solvents. One 
such application as an intermediate is in the synthesis of 
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methyl methacrylate via acetone condensation with HCN. A 
solvent application of ketones is in the paint industry where 
they are used as components in thinners and as wash solvent 
for these materials. Small quantities of ketones like acetone are 
also used as solvent for acetylene in cylinders.  
 
1.6.3 Carboxylic acids 
Carboxylic acids are very reactive compounds, hence are used 
in various reactions as intermediates. However, carboxylic acids 
have a wide range of applications in their own right; for example 
as intermediates in production of textile chemicals, dyes, drugs, 
plastics, and agricultural chemicals. Some of the miscellaneous 
uses of these carboxylic acids are in the paint and ink 
industries where they are used with cobalt, lead, manganese 
and iron salts as drying agents. 
 
1.6.4 Carboxylate esters 
Esters are very useful intermediates in preparative chemistry 
and in industrial-scale productions. Such industrial 
applications include catalytic hydrogenation of esters into 
alcohols, Claisen condensation reactions where beta-ketoesters 
are formed from esters, etc. Other useful applications of these 
esters include their use as solvents, plasticizers, surfactants, 
flavors and fragrances, and pharmaceuticals. 
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CHAPTER 2 
EXPERIMENTAL 
 
2.1 Materials 
2.1.1 Reagents for synthesis and analysis 
All materials used in the oxidation procedures as well as those 
used as GLC standards for analysis are listed in Table 2.1 with 
their respective sources and grades. The reagents were used as 
received, unless otherwise stated, in the oxidation reactions. 
 
Table 2.1 Organic and inorganic reagents 
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CHEMICAL 
NAME 
FORMULA SOURCE GRADE 
Acetic acid CH3COOH Saarchem AR 
Acetic acid CH3COOH Merck UnivAR 
Methyl acetate CH3COOCH3 Riedel de Haen AR 
Propyl acetate CH3COOC3H7 Aldrich 99% 
1-Propanol C3H7OH Aldrich 99% 
1-Propanal C2H5CHO Riedel de Haen pure 
1-Propionic acid C2H5COOH Saarchem CP 
Propyl propionate C3H7O2C3H5 Aldrich 99% 
Toluene C6H5CH3 Saarchem UnivAR 
Sodium bromide NaBr Saarchem UnivAR 
Sodium oxalate (COONa)2 BDH Lab.Reag
ent 
 
Table 2.1  continued 
Cobalt(II)acetate 
tetrahydrate 
Co(C2H3O2)2. 
4H2O 
Saarchem UnivAR 
Manganese(II)acetate 
tetrahydrate 
Mn(C2H3O2)2. 
4H2O 
Aldrich 99% 
Chromium(III)acetate 
hydroxide 
Cr3(OH)2 
(C2H3O2)7 
Aldrich 99% 
Cerium(III)acetate 
hydrate 
Ce.x H2O 
(C2H3O2)3 
Aldrich 99% 
 L
Air 21%O2 and 
 79%N2 
S.A Air 
Products 
High 
purity 
Nitrogen N2 S.A Air 
Products 
High 
purity 
Oxygen O2 S.A Air 
Products 
High 
purity 
Hydrogen 
 
H2 S.A Air 
Products 
High 
purity 
 
 
2.2 Experimental Procedures 
2.2.1 Liquid-phase oxidation procedure 
The catalyst component was weighed into a 3-necked round-bottomed flask. The substrate 
(aliphatic alcohol) and solvent were added to the reaction flask using an A-grade pipette. The 
flask was fitted with a reflux condenser connected to a circulator bath filled with a 50:50 
mixture of water and ethylene glycol to maintain a constant temperature of –20ºC. The 
condenser was linked to a sample collection vessel filled with toluene in an ice bath. The 
reaction flask was immersed in an oil bath, and stirring of both oil bath and flask contents 
commenced to equilibrate the reaction mixture to the required temperature. Oxygen (30 cm3 
min-1) was introduced through a quick-fit delivery tube through the side neck of the 3-necked 
round-bottomed flask and timing of the reaction commenced.  
 
Sample aliquots (0.15 cm3) were taken at regular intervals through a side neck of the 3-necked 
round-bottomed flask and transferred into a sample vial containing internal standard and 
solvent. 
 
 2.3 Analytical Techniques 
 2.3.1 Gas chromatography 
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GC analysis was performed on a Varian Model 3800 gas chromatographic unit with an 
autosampler, and linked to an Olirite 386 AT personal computer equipped with Varian Star 
Chromatography software for the recording and integration of chromatograms. A 30-meter HP 
cross-linked methyl siloxane column (0.32 millimeter internal diameter and film thickness of 
0.36 microns) was used for analysis. A flame ionisation detector was used for detection. The 
split-splitless injector was operated in the split mode using a split ratio of 100:1. The injector 
and detector temperatures were 200 and 280ºC, respectively. The column temperature 
program used for the analysis was as follows: 
 
Initial column temperature : 40ºC  
Initial hold time   : 3 minutes 
Heating rate   : 10ºC/minute 
Final column temperature : 210ºC 
Final hold time   : 5 minutes 
 
The internal standard method was used for all quantitative work, and 
methyl acetate was employed as an internal standard in both 
programs. 
 
2.3.2 Cyclic voltammetry 
Cyclic voltammetry was performed on a BAS CV-27 cyclic voltammetry system linked to an 
x-y recorder and BAS CV-27 electrochemical cell equipped with a platinum working 
electrode, platinum wire auxiliary electrode, and a Ag/AgCl reference electrode. 
Voltammograms were recorded by scanning the working electrode potential between 0V (Ei) 
and +1.3V (switching potential) at a scan rate of 60mV.s-1 and sensitivity of 0.05mA.V-1. A 
calibration curve, for bromide analysis, was prepared by recording the voltammograms of 
standard NaBr solutions in 0.1 mol dm-3 NaClO4 as supporting electrolyte over the 
concentration range 8 x 10-4 – 8 x 10-3 mol.dm-3 and measuring ipa at + 1.0V for the half 
reaction. Since the analyte concentration is directly proportional to ipa according to the 
Randles-Sevcik equation,  
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ipa = 2.69 x105n3/2AD1/2Cv1/2  
 
where ipa = peak current, n = electron stoichiometry, A = electrode area, D = diffusion 
coefficient, C = concentration and v = scan rate, a plot of bromide concentration versus ipa 
gave a straight line. 
 
Samples were prepared for analysis by extracting the bromide-containing sample into aqueous 
0.1mol dm-3 NaClO4 and diluting to the appropriate volume with 0.1mol dm-3 NaClO4. The 
voltammograms were recorded and ipa measured at +1.0V, and the bromide concentration of 
the sample solution obtained from the calibration curve. 
 
2.3.3 UV-visible spectroscopy 
UV-visible studies were performed on a Beckman DU-650 spectrophotometer using 0.1 cm 
quartz cell. Samples were removed from the reaction mixture as required and recorded at 
room temperature in the range 800-350 nm at a scan rate of 1200 nm  
min-1. 
 
 
 
2.4 Presentation of Data and Results 
2.4.1 Definitions 
The following terms are used in the discussion of experimental results 
throughout this investigation: 
 
 
 
 
 
%100
arg
x
edchsubstratemolinitial
consumedsubstratemolConversion =
%100x
consumedsubstratemol
formedproductmolySelectivit =
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 Reaction rate :  is defined as “space time yield” which is 
the number of molecules of a specified 
product made per unit volume of 
reactor per unit time. 
 
 
2.5 Data Treatment 
‘Raw’ data of the reaction progress was regressed using a Jandel 
Scientific SIGMAPLOT (Version 5.01) software package 
according to the general polynomial: 
 
 y = 0  + 1x  + 2x2  + 3x3 
 
to obtain a smooth plot of the disappearance and appearance of 
substrate and products, respectively. The conversion and 
selectivity data throughout Chapter 3 are based on this  
“smoothed” data. 
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CHAPTER 3 
 
THE COBALT-BROMIDE CATALYZED AUTOXIDATION 
OF 1-PROPANOL IN GLACIAL ACETIC ACID 
 
 
3.1 General 
There are a large number of references in the literature on the 
catalytic air oxidation of alcohols in liquid-phase,38 and such 
oxidations have been practiced for the oxidation of grain ethanol 
and acetaldehyde. Most of the studies reported in the open 
literature38 are concerned with homogeneous catalysis where 
cobalt and manganese are the most prominent metal ions.  
Homogeneous catalysts invariably exist and operate as discreet 
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complexes. Any change to the nature of the active complex 
results in catalyst deactivation, often irreversibly.77,78 The 
nature of the oxidation reactions under consideration may lead 
to the destruction of homogeneous metal complexes in one of 
two ways, namely, by oxidation of the organic ligand, and by 
hydrolysis of the metal complex. Oxidative destruction of 
participative and/or spectator ligands are often catalyzed by the 
metal centre under the particular reaction conditions being 
used. Hydrolysis of metal complexes by water formed as by-
product of the oxidation reaction requires measures for the 
continuous removal of water from reaction mixtures.78 The work 
reported on liquid-phase homogeneous oxidation of alcohols 
emphasizes mainly the production of the corresponding 
carboxylic acids and little attention is given to the co-production 
of the corresponding carboxylate esters and aldehydes that form 
during the oxidation process.  
 
The purpose of this investigation was to identify those reaction variables that affect the rate of 
1-propanol oxidation in glacial acetic acid using cobalt(II)acetate-bromide as catalyst, and in 
particular, those variables that have a direct influence upon the amount of corresponding 
carbonyl compounds formed.  Although the corresponding carboxylic acids may be regarded 
as the main product of the cobalt-bromide catalyzed air oxidation of various alcohols,38 the 
formation of esters and aldehydes are of equal importance in view of their potential 
commercial value.  
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Selection of optimum reaction conditions for a particular 
reaction requires a good working knowledge of the reaction 
mechanism, which in turn may be influenced by the particular 
reaction conditions employed. A study of the influence of 
reaction variables is therefore an important exercise, 
particularly when it is considered that individual variables can 
function independently or in combination. Some of the variables 
of importance in this particular study are reaction temperature, 
reaction solvent and catalyst concentration. The order in which 
the various experimental variables are considered is not an 
indication of the order in which they were investigated, nor an 
indication of their anticipated importance.  
 
3.2 Typical Reaction Profile 
The catalytic liquid-phase air oxidation of aliphatic alcohols, like 
many other organic reactions, gives rise to reaction mixtures 
containing a number of different intermediates in varying 
proportions. In the case of the oxidation of 1-propanol, the 
intermediates are propionaldehyde, propionic acid, propyl 
acetate and propyl propionate. Since these reactions have been 
carried out in the presence of acetic acid, small amount of 
propyl acetate will also be present in the reaction mixtures. It 
should, however, be noted that the use of acetic acid during this 
investigation was based purely on analytical convenience, i.e., to 
be able to determine the rates of propionic acid and propyl 
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propionate formation free from interference of an added reaction 
solvent. In practice, propionic acid would be the solvent of 
choice. The variation in the amounts of products and reaction 
intermediates during a typical oxidation reaction is graphically 
presented in the product distribution diagram shown in Figure 
3.1.  
 
From the observed changes, it is clear that two processes occur 
during the reaction. These processes are firstly, the oxidation of 
1-propanol via propionaldehyde to propionic acid and, secondly, 
the esterification of 1-propanol (substrate) with propionic acid to 
form propyl propionate. These two processes appear to occur 
simultaneously during the reaction as indicated by the relative 
appearance of the individual products. Towards the latter stages 
of the reaction, the formation of propionic acid appears to be the 
major reaction. The amount of propyl propionate formed will, of 
course, be dependent on the relative amounts of 1-propanol 
(substrate) and propionic acid during the course of the reaction 
because of the (equilibrium) nature of the reaction.  
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Figure 3.1: Typical product distribution diagram for the oxidation 
of propanol in the presence of cobalt(II)acetate-bromide and 
acetic acid. Co(OAc)2.4H2O (0.4464 g; 1.792 mmol); NaBr (0.1890 g; 
1.837 mmol); 1-Propanol (20.00 cm3; 267.6 mmol); Glacial acetic acid 
(solvent) (10.00 cm3); Temperature (85
 
C); O2 flow rate (30 cm3 min-1); 
Methyl acetate (internal standard) (270.32 mmol) 
 
It should also be noted that glacial acetic acid (reaction solvent) and 1-
propanol (substrate) esterify to form propyl acetate as a by-product in 
the reaction. Product distribution diagrams may also be used for the 
determination of basic reaction information such as the rate of 
substrate consumption, catalyst activity, selectivity of the system, etc.  
These aspects will be addressed later. 
 
3.3 Effect of Catalyst Concentration 
It was of particular interest to determine the effect of catalyst concentration during the oxidation 
reaction in view of the nature of the cobalt-bromide catalyst system used. The effect of changing the 
catalyst concentration in this study was considered in three parts. Firstly, the effect of the variation of 
cobalt(II)acetate concentration, whilst keeping the bromide concentration constant, was investigated. 
Secondly, the effect of changing the bromide concentration, whilst keeping the cobalt(II)acetate 
concentration constant, was  considered, and lastly, the effect of total catalyst concentration, whilst 
keeping the ratio of cobalt to bromide constant, was studied. 
 
3.3.1  Effect of cobalt(II)acetate concentration 
Experiments were carried out in which the cobalt(II)acetate concentration(based on total reaction 
volume of 30 cm3) was varied from 0.01 to 0.14 mol dm-3. These reactions were carried out at 85ºC 
using sodium bromide as the bromide source. Aliquots (0.15 cm3) of the reaction mixture were 
withdrawn at hourly intervals, diluted with 2 cm3 of acetic acid containing sodium oxalate (0.50 g) to 
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precipitate the cobalt, and analyzed by G.C. as described in § 2.2.1. Full experimental details for this 
series of experiments are listed in Table 3.1.  
 
Table 3.1 Experimental conditions for the investigation of 
the effect of cobalt(II)acetate concentration 
 
Experiment No. Cobalt(II)acetate 
(mol dm-3) 
Sodium bromide 
(mol dm-3) 
1* 0.01059 0.06246 
2* 0.02025 0.06061 
3 0.04011 0.05987 
4 0.07941 0.06107 
5 0.09934 0.06220 
6 0.1198 0.06382 
7 0.1394 0.06058 
Volume glacial acetic acid 
Oxygen flow rate 
Reaction temperature 
1-Propanol 
Methyl acetate (Internal Standard) 
10.0 cm3 
30 cm3 min-1 
85ºC  
267.79 mmol 
231.59 mmol 
 
*The first two experiments did not produce any reaction products 
 
The results of this series of experiments are summarized in Tables 3.2 
and 3.3, and illustrated graphically in Figures 3.2 – 3.4.  
 
 
 
 
Table 3.2 Relative amounts of reaction componentsa 
Exp. PROHb PRCHOc PRCOOHd PROOPRe PROACf Total 
3 149.978 8.715 63.753 8.293 29.324 260.063 
4 140.287 11.510 68.076 15.882 27.439 263.194 
5 100.962 9.684 105.737 17.539 27.905 261.827 
6 95.874 12.077 117.664 14.561 24.624 264.800 
7 139.263 5.322 68.771 13.834 30.341 257.531 
  
 LX
a = Amounts in mmol (after 6 hours of reaction); b = 1-propanol; c = 
propionaldehyde; d = propionic  acid; e = propyl propionate; f = propyl 
acetate 
 
 
Table 3.3 Conversions, selectivities and reaction rates 
Selectivitiesb (%) 
Exp No. Ratea 
Conversionb 
(%) PRCHO PRCOOH PROOPR 
3 321.537 43.99 7.39 54.11 7.04 
4 356.810 47.61 9.03 53.34 12.46 
5 440.410 62.30 5.80 63.38 10.51 
6 289.880 64.20 7.02 68.44 8.47 
7 354.672 48.00 4.14 53.51 10.76 
 
a – Rate = rate of substrate consumption over the first 60 minutes in 
µmol dm-3 s-1; b – After a total reaction period of six hours 
Figure 3.2 Effect of cobalt(II)acetate concentration on substrate 
conversion 
Figure 3.3 Effect of cobalt(II)acetate concentration on rate of substrate consumption 
Cobalt concentration (mol dm-3)
0.04 0.06 0.08 0.10 0.12 0.14 0.16
%
 S
u
b
st
ra
te
 c
on
ve
rs
io
n
 
40
45
50
55
60
65
70
 LXI
 
 
 
Figure 3.4 The effect of cobalt(II)acetate concentration on 
product content formed 
A number of observations can be made from the results obtained: 
 

At concentrations below 0.02 mol dm-3, no oxidation products were detected except propyl acetate, 
which is a by-product due to the esterification of glacial acetic acid and 1-propanol. 

Maximum rates of substrate (1-propanol) conversion are obtained at  catalyst 
concentrations between 0.10 and 0.12 mol dm-3 as can be  seen from Table 3.3. 

The increase in cobalt(II)acetate concentration results in an increase  in the substrate 
conversion, up to concentrations of approximately  0.12 mol dm-3. 

The amounts of propionic acid and propyl propionate increases with increasing cobalt(II)acetate 
concentration, but decreases after reaching the optimum.  

The selectivity towards propionic acid follows the same trend whilst the selectivity towards propyl 
propionate seems to be independent of  the cobalt concentration. The latter observation is a 
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reflection of the equilibrium nature of the reaction leading to the formation of propyl  propionate, 
the equilibrium position being independent of the cobalt(II) concentration. 

The amounts of propionaldehyde and propyl acetate are virtually unaffected by increasing 
cobalt(II)acetate concentrations. The first observation is probably explained by a rapid oxidation of 
propionaldehyde to further oxidation products, the rate of which is independent of cobalt(II) 
concentrations in the range investigated. The formation of propyl acetate in the equilibrium 
reaction between acetic acid and propanol will not be influenced by increasing cobalt(II)acetate 
concentrations. 
 
From the results obtained, it appears that the optimum cobalt(II)acetate concentration for oxidation of 
1-propanol in glacial acetic acid is between 0.10 and 0.12 mol dm-3. The occurrence of an upper limit 
in the concentration of cobalt can possibly be explained in terms of the formation of metal-alkylperoxy 
complexes during the reaction according to equation (27):86 
 
ROO
.
    +   Co2+   ↔      ROOCo3+  (27) 
 
These complexes are believed to form at high metal catalyst 
concentrations and, due to their relative stability, inhibit the initiation 
of oxidation. However, too high a metal concentration may not only 
hinder the initiation of the oxidation process, but may also affect the 
reaction selectivity due to the limit in oxygen transport from gas- to 
liquid-phase. At high metal catalyst concentrations, excess radicals 
are formed which may lead to a condition of oxygen deficiency in the 
reaction mixture. In such a situation, the excess radicals that do not 
succeed in reacting with dioxygen, react in other ways forming 
unwanted side-products. These observations conveniently explain 
both the decrease in reaction rate and the decrease in reaction 
selectivity at cobalt(II) concentrations exceeding 0.12 mol dm-3 . 
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3.3.2  Effect of bromide concentration 
The effect of bromide concentration, whilst keeping the 
cobalt(II)acetate concentration constant, was evaluated in a series of 
experiments in which the sodium bromide concentration was varied 
from 0.05 to 0.175 mol dm-3. Aliquots (0.15 cm3) of the reaction 
mixture were withdrawn at hourly intervals, diluted with 2 cm3 of 
acetic acid containing sodium oxalate (0.5 g) to precipitate the cobalt 
and analyzed by G.C. as described in §2.2.1. Details of the actual 
experimental conditions are given in Table 3.4.  
 
Table 3.4 Experimental conditions for the investigation 
into the effect of bromide concentration 
 
Experiment No. Cobalt(II)acetate 
(mol dm-3) 
Sodium bromide 
(mol dm-3) 
1 0.09965 0.05158 
2 0.09950 0.1014 
3 0.09944 0.1512 
4 0.09960 0.1675 
5 0.1002 0.1737 
Volume glacial acetic acid 
Oxygen flow rate 
Reaction temperature 
1-Propanol 
Methyl acetate (Internal Standard) 
10.0 cm3 
30 cm3 min-1 
85ºC 
267.79 mmol 
231.59 mmol 
 
The results of this series of experiments are summarized in Tables 3.5 
and 3.6, and illustrated graphically in Figures 3.5 –  3.9.  
 
Table 3.5 Relative amounts of reaction componentsa 
Exp 
No. 
PROHb PRCHOc PRCOOHd PROOPRe PROACf Total 
1 60.827 6.260 143.556 18.675 26.883 256.201 
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2 58.297 7.351 141.334 21.644 26.267 254.893 
3 51.318 6.495 151.713 22.264 26.876 258.666 
4 103.794 5.240 106.730 19.845 21.630 257.239 
5 133.539 7.360 82.091 16.403 20.236 259.629 
  
a = Amounts in mmol (after 6 hours of reaction); b = 1-propanol; c = 
propionaldehyde; d = propionic  acid; e = propyl propionate; f = propyl 
acetate 
 
 
Table 3.6 Conversions, selectivities and reaction rates 
Selectivities 
Exp No. Ratea Conversionb 
PRCHO PRCOOH PROOPR 
1 475.822 77.29 3.02 69.36 9.02 
2 482.956 78.23 3.51 67.46 10.33 
3 504.490 80.84 3.00 70.08 10.28 
4 440.406 61.25 3.12 65.08 12.10 
5 315.406 50.13 5.48 65.15 12.22 
a –  Rate = rate of substrate consumption over the first 60 minutes of 
each reaction (µmol dm-3 s-1); b –  After a total reaction period of six 
hours 
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Figure 3.5 Effect of bromide concentration on substrate 
conversion 
 
 
Figure 3.6 Effect of bromide concentration on rate of substrate consumption 
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Figure 3.7 The effect of bromide concentration on product 
content formed 
 
The rate of substrate consumption and, consequently, the substrate 
conversion after a reaction period of six hours, remains remarkably 
constant as the bromide concentration is increased in the range of 
0.05- 0.15 mol dm-3. At the bromide concentrations above 0.15 mol 
dm-3, catalyst activity decreases rapidly. The above observations can 
possibly be explained in terms of the formation of different cobalt-
bromide complexes with increasing bromide concentrations. 
 
Some attempt has recently been made to correlate the nature of cobalt-bromide complexes formed in 
acetic acid solutions to the observed catalytic activity during oxidation reactions.87 During these 
studies, it was shown that the catalytic activity of mixtures of cobalt(II)acetate and an ionic bromide 
depends to a large extent on the nature of the counter-cation of the bromide source. UV-visible studies 
done during the said investigation showed some relationship between the size of the counter-cation of 
the bromide and the number of bromides co-ordinated to the cobalt. No conclusive assignments were, 
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however, made during this investigation, and it was therefore decided to repeat the said investigation 
with the view to define the cobalt-bromide complexes formed more accurately. Figure 3.4 shows the 
UV-visible spectra obtained for the different bromide sources in glacial acetic acid. 
 
It was suggested that the ionic bromides investigated could be divided into two groups based upon their 
reactivity during the cobalt-bromide catalysed air oxidation of 4-chlorotoluene and the appearance of 
the visible spectra (Figure 3.8).  
 
Figure 3.8 UV-visible spectra of cobalt(II)acetate containing different ionic bromides in 
glacial acetic acid.   
The first group consisted of HBr, LiBr and NaBr, and the predominating cobalt(II)bromide complexes 
formed by this group were formulated as CoBr2(HOAc)2 on account of the appearance of two 
absorption bands at ca.  634 and 672 nm. The second group consisted of KBr, NH4Br and Bu4NBr, and 
the predominating complexes formed were formulated as [CoBr3(HOAc)]-M+ on account of the 
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appearance of three absorption bands at ca. 640, 667 and 697 nm in the visible spectra of these 
mixtures of cobalt(II)acetate and ionic bromides in glacial acetic acid.87 
The above groupings, and consequent explanation of the observed catalytic activities, was largely 
based on the appearance of the uv-visible spectra of the different bromide sources, in addition to the 
well-known fact that the stabilisation of complex ions are also influenced to a large extent by the 
relative sizes of the cations and anions.87 No further evidence was, however, presented to substantiate 
the explanations offered. It was therefore decided to make a detailed study of the observed UV-visible 
spectra of mixtures of cobalt(II)acetate and ionic bromides in acetic acid shown in Figure 3.8. Full 
deconvolution of the spectra was carried out, because the interpretation of the UV-visible spectra of 
cobalt(II) is not only complicated by the fact that several cobalt-bromide complexes can exist 
simultaneously in solution at cobalt-bromide ratio’s >0.25,88,89 but also because the uv-visible spectra 
of tetrahedral cobalt(II) complexes contain several spin-forbidden transitions from a quartet ground 
state which acquire some intensity due to spin orbit coupling.90  
 
PeakFitTM, Peak Separation and Analysis Software package91 contains three methods, which can be 
employed for the separation and analysis of spectral data into individual absorption bands. These are 
the Residual method, the Second Derivative Method and the Deconvolution method for finding hidden 
peaks. Only the Deconvolution method will be discussed in detail since this method was used for the 
analysis of all spectral data. The deconvolution method detects hidden peaks by the “sharpening” 
achieved by deconvolving a Gaussian instrument response of the raw data. This requires a response 
function that is sufficient to produce significant amounts of sharpening of the peaks.  The peakwidth at 
half-height is used for this purpose. Since peakwidth adjustments can introduce a great deal of noise 
into the data, noise-filtration becomes critical. This is achieved automatically with a non-parametric 
Digital filter. 
 
The results of the Gaussian analysis performed on each individual spectrum obtained from the mixtures 
of cobalt(II)acetate and ionic bromides are shown graphically in Figure 3.9, while Table 3.7  
conveniently summarises the positions and intensities of the individual absorption bands observed. 
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The results summarised in Table 3.7 clearly indicate that the nature of cobalt-bromide complexes 
formed in solution differ substantially for the different bromide sources used. Based on the results 
summarized in Table 3.7, the bromide sources can be divided into three groups according to the 
number and position of absorption bands, and not just two groups as previously suggested.87 In 
addition, the distribution of absorption bands clearly shows that a number of different cobalt-bromide 
complexes exist simultaneously in solution, and that there is no single dominant complex as 
suggested.87 
 
 
Figure 3.9 The deconvolved uv-visible spectrum of a mixture of cobalt(II)acetate and  
NaBr 
 
 
From Table 3.7 it can be seen that HBr belongs in a group by itself, as the spectrum of a mixture of 
HBr and cobalt(II)acetate exhibits two absorption bands less than the group comprising LiBr, NaBr, 
KBr and BaBr2. The third and last group comprises Bu4NBr as its spectrum with cobalt(II)acetate 
shows absorption bands that absorb at the highest wavelengths.  
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The successive formation of the cobalt-bromide complexes in acetic acid has previously been 
investigated by UV-visible spectroscopy using cobalt(II)perchlorate as the cobalt source,88 and the 
results of this investigation will be used to explain the present results.  
 
Table 3.7 The position and intensity of the individual 
absorption bands in the deconvolved uv-visible 
spectra of the mixtures of cobalt(II)acetate and 
different ionic bromides 
Peak 
No. 
1 2 3 4 5 6 7 8 9 
HBr 
469.9 
(0.011) 
494.9 
(0.047) 
536.5 
(0.099) 
586.7 
(0.096) 
629.1 
(0.086) 
676.7 
(0.125) 
   
LiBr 
503.1 
(0.057) 
547.8 
(0.117) 
586.3 
(0.166) 
615.6 
(0.241) 
639.45 
(0.277) 
664.5 
(0.295) 
690.7 
(0.274) 
715.74 
(0.212) 
 
NaBr 
482.5 
(0.038) 
527.9 
(0.097) 
567.8 
(0.120) 
596.2 
(0.190) 
619.2 
(0.248) 
637.2 
(0.192) 
657.5 
(0.272) 
693.7 
(0.430) 
 
KBr 
479.6 
(0.030) 
519.2 
(0.084) 
562.7 
(0.147) 
595.0 
(0.199) 
617.0 
(0.199) 
637.0 
(0.280) 
662.7 
(0.189) 
691.0 
(0.349) 
 
BaBr2 
482.8 
(0.027) 
526.76 
(0.092) 
568.1 
(0.109) 
599.8 
(0.203) 
614.3 
(0.088) 
635.9 
(0.363) 
665.2 
(0.219) 
693.7 
(0.475) 
 
Bu4NBr 
483.9 
(0.035) 
515.8 
(0.058) 
548.9 
(0.087) 
592.0 
(0.168) 
620.4 
(0.245) 
638.9 
(0.232) 
665.2 
(0.483) 
696.6 
(0.491) 
722.4 
(0.391) 
 
The relatively low tendency of the perchlorate ion to act as ligand (unlike the acetate ion) allows it to 
be possible to make reasonably accurate assignments for the cobalt(II)perchlorate/bromide system. 
These assignments may be summarized as follows: The mono-bromocobalt(II)complex 
[CoBr(HOAc)5]+ClO4-] has a UV-visible spectrum analogous to cobalt(II)perchlorate in acetic acid 
with a single d-d transition band in the region of 526-538 nm. The di-bromocobalt(II) complex 
([CoBr2(HOAc)2] shows two absorption bands at ca. 680 and 590 nm. The spectrum of the tri-
bromocobalt(II) complex ([CoBr3(HOAc)]-Li+) exhibits three absorption bands at 618, 635 and 696 
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nm, while the tetra-bromocobalt(II) complex ([CoBr4]2-2Li+) shows four absorption bands at 637, 661, 
695 and 722 nm. 
 
Using the above assignments as guide, the formation of cobalt-bromide complexes in the presence of 
different bromide sources may possibly be explained as follows: The mixture of cobalt(II)acetate and 
HBr in glacial acetic acid gives rise to solutions containing essentially a mixture of cobalt(II)acetate, 
mono-bromocobalt(II)acetate and di-bromocobalt(II)acetate. The additional absorption band appearing 
in the region of 690-715 nm for the group comprising LiBr, NaBr, KBr and BaBr2 suggests that 
mixtures of cobalt(II)acetate and these bromides contain the tri-bromocobalt(II) complex in addition to 
the ones formed in the presence of HBr. The absorption band appearing at ca. 723 nm in the presence 
of Bu4NBr, suggests that the mixtures of cobalt(II)acetate and Bu4NBr, contains the entire range of 
cobalt-bromide complexes, including the tetra-bromocobalt(II) complex. 
 
The observed difference in the types of cobalt(II)bromide complexes stabilized in acetic acid may be 
traced to the ability of the positively charged counter cations to stabilize the negatively charged 
cobalt(II)bromide complexes. Thus, in glacial acetic acid, the tendency of the H+ ion to form large 
cations such as H3O+, H5O+ etc., is greatly reduced and no, or very little stabilisation of negatively 
charged complexes such as the tri- and tetra-bromocobalt(II) complexes is afforded. Thus, when HBr is 
used as the bromide source, the only cobalt-bromide complexes observed in acetic acid solutions are 
neutral ones, in particular the mono-bromocobalt(II) complex [Co(OAc)Br(HOAc)4] and the di-
bromocobalt(II) complex, [CoBr2(HOAc)2]. 
 
In the case of LiBr, NaBr, KBr and BaBr2, some stabilization of negatively charged species is possible 
and as a result, the tri-bromocobalt(II) complex, [CoBr3(HOAc)]-M+ is stabilized in addition to the 
neutral complexes observed when HBr is used as the bromide source. Apparently the Bu4N+ cation, 
because of its large size, provides sufficient stabilization even for the doubly charged tetra-
bromocobalt(II) complex, [CoBr4]2- 2M+, and hence the entire range of cobalt(II)bromide complexes 
are formed in the presence of this cation. 
 
The above results allow a convenient explanation of previously reported92 activity orders for mixtures 
of cobalt(II)acetate and ionic bromides during the air oxidation of alkylbenzenes. Catalytic activity is 
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clearly reduced as the extent of bromide co-ordination increases, i.e., the tri- and tetra-bromocobalt(II) 
species are less active than the mono- and di-bromocobalt(II) species. Thus mixtures containing 
cobalt(II)acetate and HBr are significantly more active than mixtures of cobalt(II)acetate and LiBr, 
NaBr, KBr or BaBr2, all of which have comparable oxidation rates. Mixtures of cobalt(II)acetate and 
Bu4NBr result in the lowest oxidation rates. The above findings are in agreement with previous 
suggestions87,93 that the "active" catalyst species during the cobalt(II)acetate/bromide-catalyzed 
oxidation of alkylbenzenes is the mono-bromocobalt(II) complex. 
 
The observations made above also aid in the interpretation of the 
results obtained during the study of the effect of increasing bromide 
concentrations. As the concentration of bromide is increased, the 
extent of cobalt– bromide co-ordination increases, thereby increasing 
the amounts of less active tri- and tetra-bromocobalt(II) species. This 
tendency is clearly illustrated by the uv-visible spectra of cobalt-
bromide mixtures in a solvent comprising acetic acid and propanol in 
the same ratios as that used during the oxidation reactions (Figure 
3.10). 
 
Figure 3.10 Uv-visible spectra of cobalt(II)acetate – NaBr mixtures 
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in  HOAc – propanol 
3.3.3  Effect of total catalyst concentration 
The effect of the total catalyst loading, whilst keeping the ratio of 
cobalt to bromide constant at 1:1, was investigated in a series of 
experiments in which the total catalyst concentration was varied 
between 0.02 mol dm-3 to 0.2 mol dm-3. The propanol was oxidized at 
85
 
C as described previously. Aliquots (0.15 cm3) of the reaction 
mixture were withdrawn at hourly intervals, diluted with 2 cm3 of 
acetic acid containing sodium oxalate (0.5 g) to precipitate the cobalt 
and analyzed by G.C. as described in §2.2.1. Details of the actual 
experimental conditions are given in Table 3.8.  
 
 
 
Table 3.8 Experimental conditions for the investigation 
into the effect of total catalyst concentration 
 
Experiment No. Cobalt(II)acetate 
(mol dm-3) 
Sodium bromide 
(mol dm-3) 
1 0.01993 0.02093 
2 0.04905 0.05122 
3 0.1031 0.1113 
4 0.1987 0.2013 
Volume glacial acetic acid 
Oxygen flow rate 
Reaction temperature 
1-Propanol 
Methyl acetate (Internal Standard) 
10.0 cm3 
30 cm3 min-1 
85ºC 
267.79 mmol 
62.029 mmol 
 
The results of this series of experiments are illustrated graphically in 
Figures 3.11. 
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Figure 3.11 Effect of total catalyst concentration 
The catalytic activity increases with increase of total concentration 
and rapidly decreases at high concentrations. This can be explained in 
terms of the observations made during the investigation of the effect of 
cobalt(II)acetate and bromide concentrations.   
 
3.4 Effect of Water Concentration 
In view of the importance of the formation of the correct type of cobalt-bromide 
complex for optimum catalytic activity as indicated in the previous section, it was of 
interest to investigate the effect of water on the cobalt-bromide-catalyzed oxidation of 
propanol. This investigation was of particular interest due to formation of water 
during the reaction, as this would have an implication in terms of the maximum or 
optimum water concentration in recycled mother liquor. A series of experiments was 
performed in which the water concentration was varied from 1% (v/v) to 20% (v/v). 
The propanol was oxidized at 85ºC as described previously and using a constant 
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cobalt acetate:sodium bromide ratio of approximately 1:1.05. Aliquots (0.15 cm3) of 
the reaction mixture were withdrawn at hourly intervals, diluted with 2 cm3 of acetic 
acid containing sodium oxalate (1.00 g) to precipitate the cobalt, and analyzed by 
G.C. as described in §2.2. Detailed experimental conditions for this series of 
experiments are given in Table 3.9 
 
 
 
 
 
 
 
 
 
 
Table 3.9 Experimental conditions for the investigation 
into the effect of water concentration 
 
Experiment No. 
(% Water) 
Cobalt(II) acetate 
(mol.dm-3) 
Sodium bromide 
(mol.dm-3) 
1 (2 % v/v) 0.1165 0.1227 
2 (5 % v/v) 0.1173 0.1207 
3 (15 % v/v) 0.1162 01228 
4 (20 % v/v) 0.1172 0.1212 
Volume glacial acetic acid 
Oxygen flow rate 
Reaction temperature 
1-Propanol 
Methyl acetate (Internal Standard) 
10.0 cm3 
        30 cm3.min-1 
85ºC  
267.79 mmol 
     231.59 mmol 
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The results of this series of experiments are summarized in Tables 
3.10 and 3.11, and illustrated graphically in Figures 3.12 –  3.14.  
 
 
Table 3.10 Relative amounts of reaction componentsa 
Exp 
No. 
PROHb PRCHOc PRCOOHd PROOPRe PROACf Total 
1 147.816 1.282 82.002 13.096 18.792 262.988 
2 141.544 1.256 73.878 12.220 17.965 246.863 
3 198.227 0.860 40.609 4.374 15.686 259.756 
4 224.616 1.761 12.610 1.235 12.601 252.823 
  
a = Amounts in mmol (after 6 hours of reaction); b = 1-propanol; c = 
propionaldehyde; d = propionic  acid; e = propyl propionate; f = propyl 
acetate 
 
Table 3.11 Conversions, selectivities and reaction rates 
Selectivitiesb (%) 
Exp No. Ratea 
Conversionb 
(%) PRCHO PRCOOH PROOPR 
1 358.844 44.80 1.07 68.35 10.91 
2 358.074 47.14 0.99 58.52 9.68 
3 298.658 25.98 1.24 58.38 6.29 
4 256.707 16.12 4.08 29.21 2.86 
 
a
 – Rate = rate of substrate consumption over the first 60 minutes of each reaction 
(  mol dm-3 s-1); b – After a total reaction period of six hours 
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Figure 3.12 Effect of water concentration on substrate 
conversion 
 
 
 
 
Figure 3.13 Effect of water concentration on rate of substrate consumption 
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Figure 3.14  Effect of water concentration on product selectivity 
 
The following observations are worth noting: 

The maximum catalyst activity is observed at low water concentrations as indicated by the rapid 
decrease in reaction rate and conversion with increasing water loadings. 

As the water concentration is increased, the selectivity to propyl propionate is decreased relative to 
propionic acid because of the disturbance of the equilibrium by increased water concentrations. 
 
It is quite clear from the results obtained that increasing initial water concentrations 
has a detrimental effect upon the catalyst activity and, consequently, the reaction rate. 
The decrease in reaction rate is particularly marked at water concentrations above 5% 
(v/v). These results strongly suggest that increasing initial water concentrations 
diminish catalytic activity, probably as a result of effective competition by water with 
bromide for coordination sites on cobalt(II), thereby preventing the formation of the 
active catalyst species.  
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In order to investigate the effect of increasing initial water concentration on the cobalt-bromide 
coordination, several uv-visible spectra (Figure 3.15) were recorded in which the initial water content 
of the acetic acid/propanol mixture was increased from ca. 1% (m/m) to ca. 10% (m/m). The spectra 
obtained clearly show the disappearance of absorptions resulting from cobalt-bromide interactions.  
 
 
Figure 3.15 Uv-visible spectra of cobalt-bromide in HOAc/propanol/water mixtures 
Previous studies in our laboratories into the effect of initial water 
concentration on cobalt-bromide coordination in glacial acetic acid 
solutions revealed a much greater dependence on initial water 
concentration than in the current case. In glacial acetic acid solutions, 
a slight increase in the intensities of the absorptions due to 
cobalt/bromide interaction at low water concentrations (<2.0% m/m) 
may be observed, while a steady decrease in the intensity of 
absorptions was observed with increasing water concentrations. The 
slight increase in the intensity of the absorptions at water 
Wavelength (nm)
400 500 600 700 800
A
b
so
rb
an
ce
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0% water
1% water 
2% water
5% water
10% water
 LXXX
concentrations below 2.0% (m/m) provided an explanation for the 
observed increase in reaction rates with increasing water 
concentration in this range (< 2.0%). These observations were 
interpreted in terms of a decrease in the extent of oligomerisation of 
cobalt complexes due to the “dilution” of glacial acetic acid.  
 
In the present case, however, no such effects were observed, probably 
as a result of the dilution of the acetic acid solvent with the substrate 
(propanol), which was present in excess relative to the acetic acid. The 
steady decrease in cobalt-bromide absorptions with increasing water 
concentrations and the resultant decrease in catalyst activity is 
therefore readily explained in terms of the hydrolysis of cobalt-
bromide complexes with increasing water concentrations. During the 
oxidation reaction, the reaction mixture changes from deep purple 
(blue) to light pink as the amount of water concentration increases. 
The colour change is an indication of a configuration change from a 
tetrahedral cobalt(II) to an octahedral cobalt(II) complex, thus 
suggesting the presence of aqua-cobalt(II) complexes in solution.  
 
3.5  Effect of Reaction Temperature 
It is often claimed that the rate constants of homogeneous, liquid-phase reactions may be expected to 
increase by a factor of two to three for every 10ºC rise in the reaction temperature.94 However, as noted 
previously, due to the limit of oxygen transfer from the gas to the liquid-phase, increasing reaction 
temperature is not expected to produce the same effect for these two-phase reaction systems. It was, 
however, of importance to establish the effect of temperature on the rate of oxidation of 1-propanol.  
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The effect of increasing reaction temperature was investigated in a series of experiments in which the 
reaction temperature was varied from 75 to 95ºC. These reactions were carried out as described 
previously using a cobalt: bromide ratio of 1:1.05. Aliquots (0.15 cm3) of the reaction mixture were 
withdrawn at hourly intervals, diluted with 2 cm3 of acetic acid containing sodium oxalate (0.5 g) to 
precipitate the cobalt, and analyzed by G.C. as described in § 2.2.1. Details of the experimental 
conditions used for this series of experiments are given in Table 3.12. 
 
Table 3.12 Experimental conditions for the investigation into the 
effect of temperature 
 
Experiment No. 
(Temp. oC) 
Cobalt(II)acetate 
(mol dm-3) 
Sodium bromide 
(mol dm-3) 
1 (75) 0.1189 0.1202 
2 (80) 0.1185 0.1199 
3 (85) 0.1170 0.1176 
4 (90) 0.1202 0.1179 
Volume glacial acetic acid 
Oxygen flow rate 
1-Propanol 
Methyl acetate (Internal Standard) 
10.0 cm3 
30 cm3 min-1 
267.79 mmol 
270.89 mmol 
 
The results of this series of experiments are summarized in Tables 
3.13 and 3.14, and illustrated graphically in Figures 3.16 –  3.18.  
 
 
 
 
Table 3.13 Relative amounts of reaction componentsa 
Exp 
No. 
PROHb PRCHOc PRCOOHd PROOPRe PROACf Total 
1 136.564 9.591 88.445 12.028 15.209 261.837 
2 98.786 7.245 114.618 17.527 21.385 259.561 
3 104.609 8.397 101.631 19.856 25.316 259.809 
4 69.532 9.613 123.193 23.074 27.070 252.482 
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a = Amounts in mmol (after 6 hours of reaction) ; b = 1-propanol; c = 
propionaldehyde; d = propionic  acid; e = propyl propionate; f = propyl 
acetate 
 
 
 
Table 3.14 Conversions, selectivities and reaction rates 
Selectivitiesb (%) 
Exp No. Ratea 
Conversionb 
(%) PRCHO PRCOOH PROOPR 
1 378.069 49.00 7.31 67.40 9.17 
2 372.703 63.11 4.29 67.82 10.37 
3 388.305 60.94 5.15 62.28 12.17 
4 399.266 74.03 4.90 62.14 11.64 
 
a –  Rate = rate of substrate consumption over the first 60 minutes of 
each reaction (µmol dm-3 s-1); b –  After a total reaction period of six 
hours 
 
The results clearly show that the catalyst activity and, consequently, the substrate conversion increase 
as the reaction temperature is increased from 75 to 90ºC. It does, however, appear that the reaction 
selectivity decreases to some extent with increasing temperature.  
 
Figure 3.16 Effect of reaction temperature on substrate conversion 
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Figure 3.17 Effect of reaction temperature on rate of substrate consumption 
 
Figure 3.18 The effect of reaction temperature on product 
content formed 
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There are two possible contributing factors to the observed decrease in reaction selectivity. The first is 
simply related to an increased loss of volatile material from the reactor in the oxygen gas stream as the 
temperature is increased. The second relates to the increasing activity of the catalyst system for the 
selective decarboxylation of the carboxylic acid product. 
 
The observed increase in the rate of reaction with increasing 
temperatures can probably be explained in terms of the Arrhenius law 
(shown in equation (28)), which relates the rate constant for a 
particular reaction to temperature.  
 
    k=Ae-E/RT    (28) 
 
(k –  rate constant; A –  Arrhenius constant; E –  activation energy;  R –  
gas constant; T –  absolute temperature).  
 
As mentioned earlier for homogeneous liquid-phase reactions such as 
the oxidation of 1-propanol in glacial acetic acid using cobalt-bromide 
catalyst system, the rate constant maybe expected to increase by a 
factor of two or three for every 10
 
C rise in reaction temperature. 
Although an increase in reaction temperature does result in increased 
oxidation rates94 of homogeneous liquid-phase air oxidations, it has 
been observed that at temperatures above 100
 
C, oxidation rates 
decrease significantly.95-97 The observed decrease in oxidation rates 
has been attributed to the decreased solubility of oxygen at high 
temperatures in the carboxylic solvent,96 as well as to the increased 
decarboxylation of the carboxylic acid solvent at elevated 
temperatures.  
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3.6 Multivariate Investigation of Reaction Parameters 
It is well known that the effect of any one particular reaction variable 
on the reaction outcome may be influenced by any one or more other 
reaction variables due to the interaction between reaction variables. In 
the presence of such interactions between reaction variables, it is not 
possible to interpret the effects of reaction variables individually, and 
it is also not possible to determine optimum conditions for the 
reaction by means of a one-variable-at-a-time experimental procedure. 
It was therefore of interest to determine the effect of different reaction 
variables on the liquid-phase oxidation of 1-propanol by means of a 
multivariate approach. 
 
3.6.1  Selection of the experimental domain 
The preceding results gave a clear indication of the importance of 
cobalt:bromide ratios, temperature etc. on the oxidation of 1-propanol. 
In the light of these findings, the following reaction variables were 
included in the present study: Cobalt:bromide ratio, reaction 
temperature, and initial water loading. The selection of the 
cobalt:bromide ratio as reaction variable  instead of the individual 
cobalt loading and bromide loading was based solely on a convenience 
basis (to reduce the total number of variables to be investigated). This 
approach is justified by results described previously that showed that 
increasing the total catalyst loading increases the oxidation rate, and 
this might mask important information regarding the effect of a 
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changing cobalt:bromide ratio. The total amount of propionic acid 
formed after a specific reaction period was chosen as experimental 
response. Results described above showed that both the carboxylate 
ester and the aldehyde remain fairly constant during large parts of the 
reaction period, which would make interpretations in terms of catalyst 
activity difficult. In this instance, a reaction period of five hours was 
used as a convenient reaction time. Instead of using acetic acid as 
reaction solvent as for the previous investigations, propionic acid was 
used for this series of experiments. This necessitated a change in the 
analytical procedure for these experiments. The amount of propionic 
acid formed was simply determined by means of titration and the 
difference in the titration figures at time zero and five hours used as 
the amount of propionic acid formed. The effect of esterification during 
the reaction was considered to be small in comparison to the 
esterification already established prior to commencement of the 
oxidation reaction. 
 
3.6.2  Experimental design 
A small, non-rotatable central composite design (CCD) was used for 
the present investigation. The choice of the small CCD was again 
based on reducing the total number of experiments to be performed. 
In addition, the aim of this particular investigation was simply to 
determine the effects of possible interactions between reaction 
variables and not to fully optimize the experimental procedure. The 
latter will need to be done for a particular reaction system (reactor 
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configuration), the nature of which need to be determined by 
production requirements. Although the predictive power of small 
CCD’s are considerably less than their full counterparts, the trends 
that may be obtained can be used very successfully for moving 
towards an optimum region quite rapidly. In addition, these trends 
may also be used for mechanistic interpretations. The full design used 
for this investigation, together with the experimental responses 
obtained, is shown in Table 3.15. 
 
Table 3.15 Design and experimental responses 
Co/Br Ratio* Temperature* (oC) 
Water Loading* 
(% m/m) 
Response 
(mmol) 
1 (1.20) 1 (85.0) -1 (1.5) 111.4384 
1 (1.20) -1 (65.0) 1 (4.5) 114.333 
-1 (0.80) 1 (85.0) 1 (4.5) 114.4623 
-1 (0.80) -1 (65.0) -1 (1.5) 112.3238 
-1.4 (0.72) 0 (75.0) 0 (3.0) 93.02379 
1.41 (1.28) 0 (75.0) 0 (3.0) 129.6007 
0 (1.00) -1.4 (60.9) 0 (3.0) 116.5019 
0 (1.00) 1.41 (89.1) 0 (3.0) 131.9416 
0 (1.00) 0 (75.0) -1.4 (0.9) 117.5626 
0 (1.00) 0 (75.0) 1.41 (5.1) 110.6558 
0 (1.00) 0 (75.0) 0 (3.0) 112.7548 
0 (1.00) 0 (75.0) 0 (3.0) 119.4121 
0 (1.00) 0 (75.0) 0 (3.0) 111.6112 
0 (1.00) 0 (75.0) 0 (3.0) 114.4881 
0 (1.00) 0 (75.0) 0 (3.0) 111.6448 
 
* Natural values are in parenthesis 
 
3.6.3  Calculation of the experimental response surface 
The experimental response surface takes the form of a second order 
polynomial equation of the form: 
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y =  0  1x1  2x2  3x3  12x1x2  13x1x3  23x2x3  11x12 + 
22x22+  33x32 
 
where x1 = cobalt/bromide ratio, x2 = temperature, and x3 = water 
loading. This equation is best calculated from the design and 
experimental responses using multiple least squares regression 
according to the equation: 
 
0 = [X.XT]-1.XT.R. 
 
where X = the full design matrix, XT = the transpose of the design 
matrix and R = the column vector of experimental responses. The 
response surface so calculated using MS Excel is: 
 
y =  114.69 + 12.97x1 + 5.48x2 –  2.45x3 –  2.57x1x2 + 3.92x1x3 –  
1.17x2x3 –   3.71x12 + 5.66x22 + 13.22x32 
 
3.6.4 Statistical evaluation of the experimental response 
surface 
If the experimentally determined response surface gives a good 
description of the actual response surface then the residuals 
(difference between experimental and predicted responses) should not 
differ too much. In addition, the residuals should be normally 
distributed about the mean. In practice, the validity of response 
surface models is evaluated by means of Analysis of Variance (ANOVA) 
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in which the deviations about the centre points of the design 
(indicated by zero (0) in Table 3.15) is compared with the deviations 
about the factorial and star points by means of an F-test. The  F-value 
so calculated is then compared with a reference F-value at a specific 
confidence level. Most commonly a confidence level of 95% is used. 
Table 3.16 shows the calculations for the Analysis of Variance and 
Table 3.17 show the actual ANOVA Table. 
Table 3.16 ANOVA calculations* 
R RPred R2 RPred2 e2 L.O.F. P.E. 
111.44 113.17 12418.52 12807.05 2.99 2.99  
114.33 116.06 13072.04 13470.58 2.99 2.99  
114.46 116.19 13101.61 13500.60 2.99 2.99  
112.32 114.05 12616.64 13008.22 2.99 2.99  
93.02 91.28 8653.43 8332.70 3.03 3.03  
129.60 127.86 16796.34 16348.31 3.03 3.03  
116.50 114.76 13572.69 13170.25 3.03 3.03  
131.94 130.20 17408.59 16952.42 3.03 3.03  
117.56 115.82 13820.95 13414.83 3.03 3.03  
110.66 108.92 12244.71 11862.62 3.03 3.03  
112.75 114.69 12713.64 13153.00 3.73  3.73 
119.41 114.69 14259.26 13153.00 22.33  22.33 
111.61 114.69 12457.07 13153.00 9.46  9.46 
114.49 114.69 13107.52 13153.00 0.04  0.04 
111.64 114.69 12464.56 13153.00 9.25  9.25 
Sums 
1721.75 1721.75 198707.56 198632.61 74.95 30.14 44.81 
* R = Response; RPred = Predicted response; e = Residual (R –  RPred) 
Table 3.17 ANOVA Table 
Source of Variation Sum of Squares Degree of Freedom Mean Squares F-Value 
Total 
(SST) 
1078.24 
(∑R2-(∑R)2/N) 
14.00 
(N-1)   
Regression 
(SSR) 
1003.29 
(∑RPred2-(∑RPred)2/N) 
9.00 
(P-1) 111.48 9.95 
     
Residuals 
(RSS) 
74.95 
(SST – SSR)=∑e2 
6.00 
((N-1)-(P-1)) 14.99  
Lack-of-Fit 30.14 2.00 15.07 1.35 
 XC
(l.o.f.) ∑efact2 ((N-1)-(P-1)-(N0-1)) 
Pure Error 
(PE) 
44.81 
∑ecentre2 
4.00 
(N0-1) 11.20  
 
(N = Total number of experiments; N0 = Number of centre point 
experiments; P = Number of model parameters.) 
As mentioned previously, the residuals obtained by subtracting the 
values predicted by the model when the experimental settings (xi) are 
substituted into the model from the actual experimental values should 
be normally distributed. This may easily be checked by plotting the 
residuals on normal probability paper. In such a plot the residuals 
should fall on, or nearly on a straight line. The normal probability plot 
of the residuals is shown in Figure 3.19 and no abnormality is 
observed. 
 
 
 
 
 
Figure 3.19 Normal probability plot of residuals 
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3.6.5 Graphical representation of the experimental response 
surface 
In order to interpret the results obtained, it is convenient to make a graphical representation of the 
predictions obtainable from the response surface model. In the current case the response surface model 
is a second order polynomial in three factors. This means that we cannot make a graphical 
representation of the response surface directly, as this would require four dimensions. We can, 
however, fix one of the variables at an arbitrary value and plot the variation in experimental response 
as a function of the remaining two variables. It is most convenient to fix the third variable at is centre 
point value. The three contour diagrams (showing contour lines of fixed response), obtained by fixing 
x3, x2, and x1, respectively, are shown in Figures 3.20 – 3.22. 
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Figure 3.20 Contour diagram – Cobalt/bromide ratio vs 
Temperature 
 
 
Figure 3.21  Contour diagram – Cobalt/bromide ratio vs 
Water loading 
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Figure 3.22  Contour diagram – Temperature vs Water 
loading 
 
 
 
 
 
 
 
 
 
 
 
 
3.6.6  Discussion of response surface results 
The results of statistical analysis of the experimentally derived 
response surface show no significant lack of fit, and the residuals 
obtained by applying the response surface to the design settings show 
that the data is normally distributed. The response surface is 
therefore reliable, but keeping in mind that the central composite 
design used is not rotatable so that its predictive power, especially 
outside the experimental domain investigated, is quite limited. 
However, several interesting observations are still possible. 
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3.7  Effect of Metal Acetates as Co-catalysts 
It has been widely reported that homogeneous liquid-phase oxidations 
are influenced by metal ions.86 However, only metals that can occur in 
two valence states of approximately equal stability in the oxidation 
medium can act catalytically.  These metals are principally Co2+/Co3+ 
and Mn2+/Mn3+, but to a certain extent also Cu+/Cu2+ and Fe2+/Fe3+. 
It was then of particular interest to investigate the relative activity of 
some transitional metal acetates as co-catalysts during the oxidation 
of 1-propanol in glacial acetic acid using the cobalt-bromide catalyst 
system. The metal acetates chosen for this investigation were 
chromium(III)acetate hydrate, manganese(II)acetate tetrahydrate, 
cupric acetate and cerium(III)acetate hydrate. 
 
The potential of the various metal acetates as co-catalysts was 
evaluated in a series of experiments in which the individual metal 
acetates were used as co-catalysts at a level of 2% (m/m) relative to 
cobalt(II)acetate. The cobalt:bromide ratio was kept constant at 1:1 for 
all the experiments. The oxidation of 1-propanol was carried out at 
85
 
C using cobalt acetate and sodium bromide as the main catalyst 
components with various metal acetates as co-catalysts in glacial 
acetic acid. Aliquots (0.15 cm3) of the reaction mixtures were 
withdrawn at hourly intervals, diluted with 2 cm3 of acetic acid 
containing sodium oxalate (0.5 g) to precipitate out cobalt, and 
analyzed by G.C. as described in §2.2.1.  Details of the experimental 
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conditions used for this series of reactions are given in Table 3.18, 
and the experimental results obtained are summarized in Table 3.19. 
 
 
Table 3.18 Experimental conditions for the investigation 
into the effect of metal acetates as co-catalysts 
 
Experiment No. Cobalt(II)acetate 
(mol dm-3) 
Metal acetate 
(g) 
None 0.1185 0.0000 
Mn(CH3CO2)2.4H2O 0.1187 0.0174 
Cu(CH3CO2).H2O 0.1165 0.0156 
Ce(CH3CO2)3.xH2O 0.1148 0.0193 
Cr3(CH3CO2)7. (OH)2 0.1180 0.0171 
Volume glacial acetic acid 
Oxygen flow rate 
Reaction temperature 
1-Propanol 
Methyl acetate (Internal Standard) 
10.0 cm3 
30 cm3 min-1 
85ºC 
267.79 mmol 
272.21 mmol 
 
 
Table 3.19 The effect of metal acetates as co-catalyst on 
the rate of reaction 
 
Metal acetate 
(co-catalyst) 
RateA of substrate consumption 
(  mol dm-3 s-1) 
None 453.61 
Mn(CH3CO2)2. 4H2O 323.43 
Cu(CH3CO2). H2O no reaction 
Ce(CH3CO2)3. xH2O no reaction 
Cr3(CH3CO2)7. (OH)2 no reaction 
 
A = rates measured after 5 hours of reaction time 
 
A number of observations can be made from the data presented: 
 

The rate of reaction is reduced dramatically with the introduction of metal acetates as co-
catalyst. 
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
The acetates of chromium, copper and cerium inhibited the reaction to zero rate. 
 
The catalytic activity of these metals is principally based on the acceleration of peroxide 
decomposition by lowering activation energy. However, the difference in the activity of Co(II) 
and Mn(II), and the lack of reactivity displayed by other metal acetates can possibly be 
explained in terms of their redox potentials (listed in Table 3.20). It is clear from Table 3.20 
that Mn, Ce, Cu and Cr are weaker oxidizing agents than Co, and so their oxidizing ability is 
limited in the oxidation of 1-propanol in glacial acetic acid. 
 
Table 3.20 Standard redox potentialsR for the metals investigated for catalytic 
activity as co-catalyst 
 
 
 
Standard ½ reactions Potential,V 
Co3+     +  e_       Co2+ +1.842A 
Mn3+    +  e-      Mn2+ +1.51 
Ce4+     +  e-       Ce3+ +1.443 
Cu2+     +  e-       Cu+ +0.158 
Cr3+      +  e-   

     Cr2+ -0.41 
 
 
A
 =  3 M HNO3 
 
 
3.7 Summary and Conclusive Remarks 
It is quite clear from the results discussed in this chapter that a 
number of experimental variables have a direct influence upon 
the rate of 1-propanol oxidation, as well as the amount of the 
respective carbonyl compounds formed during the said 
oxidation reactions in glacial acetic acid. The findings of these 
investigations are summarized in the following paragraphs. 
 Water concentration 
The presence of water in the reaction mixture has a dramatic 
effect upon catalytic activity. The observed decrease in the 
oxidation rate of 1-propanol in the presence of water may be 
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ascribed to increasing hydrolysis of the “active” cobalt-bromide 
complexes. These results indicate that an efficient method of 
water removal will be required for optimum catalytic activity. 
 Reaction temperature 
The catalyst activity and, consequently, the substrate 
conversion increased as the reaction temperature increased. 
However, the reaction selectivity decreased to some extent with 
increasing temperature. This selectivity phenomenon could be 
attributed to loss of volatile material from the reactor at high 
temperatures and the possibility of carboxylic acid product 
decarboxylation. The observed increase in catalytic activity and 
subsequently, the substrate conversion was explained in terms 
of Arrhenius law.  
 
 Metal acetates  
The rate of reaction was reduced dramatically with the 
introduction of metal acetates as co-catalysts and only the 
Mn(II)acetate  showed some catalytic activity whilst others were 
inactive. The difference in the activity of these metal acetates 
was explained in terms of the redox potentials for the respective 
metal ions.   
 Catalyst concentration 
Both reaction rate and amount of product are directly 
influenced by cobalt(II)acetate and sodium bromide 
concentrations quite significantly. The increase in both catalyst 
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components result in increase in reaction rate, subsequently the 
substrate conversion hence the amount of product formed. 
However, when the optimum concentration is reached there is a 
rapid decline in catalytic activity. This decrease is attributed to 
the catalyst complexes that form at these high concentrations, 
which are said to be inactive to catalyze the oxidation reaction.   
These results highlight the fact that there is an optimum 
concentration level required for the said oxidation to be 
catalyzed effectively. The catalytic activity increases with 
increase of total concentration and rapidly decreases at high 
concentration. This can be explained in terms of the 
observations made during the investigation of effect of 
cobalt(II)acetate and bromide concentration.   
  Multivariate investigation of reaction parameters 
The results of statistical analysis of the experimentally derived 
response surface show no significant lack of fit, and the 
residuals obtained by applying the response surface to the 
design settings show that the data is normally distributed. The 
response surface is therefore reliable, but keeping in mind that 
the central composite design used is not rotatable so that its 
predictive power, especially outside the experimental domain 
investigated, is quite limited. However, several interesting 
observations are still possible. 
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CHAPTER 4 
 
OXIDATIVE DEHYDROGENATION OF ETHANOL OVER 
SUPPORTED NOBLE -METAL CATALYSTS 
 
 
4.1 General 
The catalytic transformation of primary alcohols to 
corresponding carbonyl compounds with oxygen over supported 
noble metal catalysts has been investigated by several authors. 
Most of these reactions were carried out using solvents such as 
neutral or moderately alkaline aqueous solutions and organic 
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solvents, such as heptane or ethyl acetate. The use of  these 
organic solvents has limited application in industrial chemistry 
due to safety considerations, whilst in aqueous or slightly acidic 
medium the oxidation of primary -OH groups may be totally 
suppressed. In particular, oxidations using supported noble metal 
catalysts are generally carried out in either alkaline aqueous 
medium or under solventless conditions.   
 
As mentioned previously, noble metal catalysts suffer from 
deactivation during the aerial oxidation of alcohols. This 
situation necessitates the use of high catalyst to substrate ratios. 
The limited active lifetime of these catalysts during these 
oxidations inhibits the general industrial application of the 
method.  The objective of this project is to evaluate and compare 
the activity and stability of a variety of commercially available 
supported noble metal catalysts for the solventless air oxidation 
of aliphatic alcohols to the corresponding carbonyls so as to be 
able to compare this approach to the autoxidative route discussed 
previously. To achieve this objective, an attempt was made to 
identify the most active palladium or platinum supported metal 
catalyst during the air oxidation of ethanol to further oxidation 
products. Secondly, an attempt was made to identify those 
reaction variables that affect the reaction rate and catalyst 
stability.  
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4.2 Typical Reaction Profile 
The catalytic liquid-phase air oxidation of aliphatic alcohols, like 
many other organic reactions, gives rise to reaction mixtures 
containing a number of different intermediates in varying 
proportions. The oxidation of ethanol is no exception and 
intermediates such as acetaldehyde, acetic acid and ethyl acetate 
are formed in significant amounts during oxidation reactions. A 
typical product distribution diagram for the oxidation of ethanol 
is illustrated graphically in Figure 4.1.   
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Figure 4.1 Typical reaction profile 
10% Pd/C (0.3574 g); Ethanol (20.00 cm3; 342.9mmol); 
Temperature (65ºC); O2 flow rate (30 cm3 min-1) 
 
The above distribution diagram shows that, under the 
specific conditions used for these oxidations, acetaldehyde is the 
major reaction product. This is due to the removal of 
acetaldehyde from the reaction zone in the continuous air flow 
exiting the oxidation reactor.  
 
4.3 Evaluation of Supported Noble-Metal Catalysts 
A number of activated carbon or alumina supported 
palladium and platinum catalysts were evaluated for the 
liquid-phase air oxidation of ethanol. These catalysts were 
either used as received or treated by hydrogen reduction, 
promotion with lead or bismuth followed by hydrogen 
reduction before use. Neat ethanol was oxidised in the 
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presence of the individual catalysts over a 5-hour period at 
65ºC as described in § 2.2.1. For each reaction a product 
distribution diagram was constructed and the individual 
catalysts evaluated in terms of their activity and 
selectivity. 
 
4.3.1 Catalyst activity 
For the purpose of this study, catalyst activity is defined as the average rate of product 
(acetaldehyde, ethyl acetate and acetic acid) formation over the five-hour reaction period. 
Calculation of overall (average) rates (of formation of products) can, however, be misleading 
as the amount of the noble-metal in the supported catalyst is not taken into account. For this 
reason, the term “Turnover Frequency”, which is defined as the number of revolutions of the 
catalytic cycle per unit time, normally the second, is recommended when comparing activities 
of different catalysts for a particular reaction. Due to the difficulty in determining the number 
of active sites (required for calculation of turnover frequency), the possibility of different 
active sites on the same catalyst, and the possible influence of mass and heat transfer on 
observed rates, we will use a “relative rate”, defined as: 
 
Relative rate = moles of product 
moles of noble metal x time (s) 
 
as an alternative measurement. We have used these two measurements throughout this study, 
not only in view of the fact that facilities for the determination of active catalytic sites were 
not available at the time, but also because it allowed a much easier comparison with the 
autoxidation work described previously.  
 
Figure 4.2 shows a comparison of the average reaction rates 
obtained with a number of commercially available palladium-
based catalysts that were either used as received or modified as 
shown in Table 4.1. Figure 4.3 compares the relative rates 
obtained with the same set of catalysts. 
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Table 4.1 Catalysts and treatments 
Catalyst No. Description Source Treatment 
1 5% Pd on C Aldrich Untreated 
2 10% Pd on C Aldrich Untreated 
3 5% Pd on C PMC Shell-reduced 
4 2% Pd on Alumina PMC Uniform-reduced 
5 5% Pd on C Aldrich Pb-promoted 
6 10% Pd on C Aldrich Pb-promoted 
7 5% Pd on C PMC Shell reduced 
Pb-promoted 
8 2% Pd on Alumina PMC Uniform-reduced 
Pb-promoted 
9 2% Pt 8% Pd on C PMC Untreated 
10 5% Pt 5% Pd on C PMC Untreated 
11 8% Pt 2% Pd on C PMC Untreated 
12 5% Pt on C PMC Untreated 
13 5% Pt on C PMC Untreated 
 
 
 
 
 Figure 4.2 Average reaction rate comparisons 
 
 
 
Figure 4.3 Relative rates 
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The comparisons shown in Figures 4.2 and 4.3 show that average rates and relative rates lead 
to different conclusions. On the basis of the comparison of relative rates, catalysts no. 2 (10% 
Pd/C), 8 (2% Pd/Al – Pb-promoted) and 9 (2% Pt/8% Pd/C) appear to be the most active, 
while catalysts 6 (10% Pd/C- Pb-promoted), 7 (5% Pd/C-shell reduced-Pb -promoted) and 10 
(5% Pt 5% Pd on C) are more active based on the comparison of average rates. Two other 
observations are of interest. Firstly, the promotion of the Pd catalysts with lead appears to 
improve catalyst activity to some extent as shown by the comparisons between catalysts 1 and 
5, 4 and 8, 2 and 6 and 3 and 7. Secondly, the introduction of Pt up to equal amounts with 
palladium seems to produce the most active catalysts. On its own, platinum appears to be a 
better catalyst than Pd when supported on activated carbon (catalysts 1 and 12). No direct 
comparison was, however, possible for the alumina supported noble metals, except for the 
comparison between 2% Pd/Al and 5 % Pt/Al. In the latter case the platinum catalyst appears 
to be the better catalyst from both an average rate and a relative rate point of view. 
 
In comparison with the homogeneous, cobalt-bromide catalyzed oxidation of 1-propanol in 
the liquid-phase, oxidations over noble-metal catalysts in the liquid-phase appear to be 
significantly less active. For example, in experiment No. 6 in Table 3.2, 144 mmol of reaction 
products were formed after a reaction time of six hours while the best catalyst in the present 
study (5% Pt 5% Pd on C) only gives 42.2 mmol of oxidation products. However, calculation 
of the relative rates for these two experiments give an average rate of the same order of 
magnitude viz. (8.93 x10-3 M min-1) for the cobalt(II)acetate-bromide catalyst and (7.50 x10-3 
M min-1 ) for the (5% Pt 5% Pd on C) catalyst. The relatively high average rate for the noble-
metal catalyst is a direct result of the relative low loading of catalyst on the solid support. 
 
 4.3.2 Selectivity considerations 
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Since the oxidation results in the formation of two or three 
reaction products, acetaldehyde, ethyl acetate and acetic acid, 
selectivity to a specific product could be an important 
consideration. A comparison of the different catalysts 
investigated in terms of their selectivity to ethyl acetate and 
acetaldehyde was made by comparing the relative rates of either 
ethyl acetate formation or acetaldehyde formation. These 
comparisons are shown in Figures 4.4 and 4.5. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Catalyst selectivity towards acetaldehyde 
formation based on relative rate 
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Figure 4.5 Catalyst selectivity towards ethyl acetate 
formation based on relative rate 
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Figures 4.4 and 4.5 clearly show that there are distinct 
differences in the selectivity of the different catalysts for ethyl 
acetate and acetaldehyde. In addition, if ethyl acetate formation 
is explained in terms of the esterification between ethanol and 
acetic acid formed during the oxidation process alone, one may 
also conclude that those catalysts showing the highest 
selectivity towards the ester are also more active oxidation 
catalysts (towards the carboxylic acid). A comparison of the 
ranking of the different catalysts in terms of the relative rates 
for total product formation (acetaldehyde, ethyl acetate and 
acetic acid), ethyl acetate, and acetaldehyde, is shown in Table 
4.2.  
 
 This comparison shows that there is little, if any, correlation in 
the relative rates for total product formation, ethyl acetate 
formation and acetaldehyde formation, which seems to indicate 
that ethyl acetate formation cannot be explained entirely in 
terms of the esterification of acetic acid with ethanol. As 
example, catalyst 8 (2% Pd/Al –  Pb-promoted) gives high relative 
rates of formation of total products as well as acetaldehyde, but 
ranks only third in terms of ethyl acetate formation. 
 
 
 
 
 
Table 4.2 Comparison of relative rates 
Ranking Catalyst Number 
 CIX
 Total Product Ethyl Acetate Acetaldehyde 
1 9 6 7 
2 8 4 8 
3 2 8 6 
4 13 2 3 
5 4 5 4 
6 12 7 5 
7 10 1 2 
8 6 3 9 
9 11 10 1 
10 3 11 11 
11 7 9 10 
12 5 12 12 
13 1 13 13 
 
  
Generally the rate of acetaldehyde formation is higher than that 
of ethyl acetate formation, but this is the result of the 
distillation of the acetaldehyde from the reactor during the 
oxidation.  
 
4.3.3 Effect of acidic resin 
In order to investigate the formation of ethyl acetate further it 
was decided to include an acidic ion exchange resin in the 
oxidation flask to promote the esterification of acetic acid with 
ethanol as it was formed. It was expected that a significant 
increase in the rate and amount of ester would be observed, 
provided that the esterification process between acetic acid and 
ethanol is the main source of ethyl acetate during these 
oxidations. The results obtained during this study are 
summarized in Table 4.3. For this study the 10% Pd on C (PMC) 
catalyst was used in conjunction with a Diaion PK208 resin 
during the solventless oxidation of ethanol. The reaction 
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temperature was maintained at 71
 
C and the progress of the 
reaction was monitored for 3 hours.  
 
Table 4.3 The effect of resin 
 
Amount of 
catalyst (10% 
Pd/C) (g) 
Amount of 
resin (Daion 
PK208) (g) 
Average rate of 
ethyl acetate 
formed 
(s-1) 
Amount of ethyl 
acetate formed 
(mmol) 
1.0679 0.1494 1.31x10-4 2.358 
1.0356 0.2072 1.64x10-4 2.952 
1.0112 0.2622 2.14x10-4 5.136 
 
Although the presence of the resin promoted the formation of 
ethyl acetate to some extent, the improvements are not as 
dramatic as initially expected. This seems to indicate that the 
formation of ethyl acetate during the oxidation reaction is the 
result of two independent processes, namely esterification of 
acetic acid with unreacted alcohol and by a combination of 
intermediate aldehyde with unreacted alcohol to give an acetal 
or hemiacetal, which is oxidized to the ester.98  
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4.4 Summary and Conclusive Remarks. 
On the basis of results presented in this study, catalysts no.2 
(10% Pd/C), 8 (2% Pd/Al –  Pb-promoted) and 9 (2% Pt/8% 
Pd/C) appear to be the most active in terms of relative rates, 
while catalysts 6 (10% Pd/C- Pb-promoted), 7 (5% Pd/C-shell 
reduced-Pb -promoted) and 10 (5% Pt 5% Pd on C) are more 
active based on the comparison of average rates. Two other 
observations are of interest. Firstly, the promotion of the Pd 
catalysts with lead appears to improve catalyst activity to some 
extent as shown by the comparisons between catalysts 1 and 5, 
4 and 8, 2 and 6 and 3 and 7. Secondly, the introduction of Pt 
up to equal amounts with palladium seems to produce the most 
active catalysts. On its own, platinum appears to be a better 
catalyst than Pd when supported on activated carbon (catalysts 
1 and 12). In comparison with the homogeneous, cobalt-
bromide catalyzed oxidation of 1-propanol in the liquid-phase, 
oxidations over noble-metal catalysts in the liquid-phase appear 
to be significantly less active. The presence of the resin 
promoted the formation of ethyl acetate to some extent whilst 
the improvements are not as dramatic as expected. 
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CHAPTER 5 
SUMMARY AND CONCLUSIVE REMARKS 
 
The production of carbonyl compounds by liquid-phase catalytic air 
oxidation of aliphatic alcohols is a developing industrial 
technology. During these oxidations corresponding aliphatic 
aldehydes, carboxylic acids and carboxylate esters are produced 
in varying proportions. The commercial importance of these 
carbonyls has been discussed in previous sections and hence 
they add value to the commodity aliphatic alcohols from Sasol 
Fischer-Tropsch process. Therefore, the maximization of the 
carbonyls production during these oxidations is of great 
industrial significance. In this work, production of carbonyl 
compounds by liquid-phase catalytic air oxidation of aliphatic 
alcohols (1-propanol) using a homogeneous catalyst system 
cobalt(II)acetate and sodium bromide in a carboxylic acid media 
has been investigated in some detail. The most significant 
findings of the study are summarized below.   
 
5.1 Reaction Mechanism 
 It should be mentioned that no mechanistic study was conducted, 
but the observations were made from a detailed investigation 
study into the effect of various reaction parameters as reported 
in Chapter 3 of this thesis. 
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 The autoxidation of 1-propanol may be considered in two 
distinct parts namely, the oxidation of 1-propanol to 
propionaldehyde as a primary product which is unstable 
during the reaction conditions and, the subsequent 
oxidation of propionaldehyde to propionic acid.  The 
formed propionic acid esterifies with the 1-propanol 
simultaneously with the autoxidation process. 
 The addition of sodium bromide to cobalt(II)acetate in 
glacial acetic acid results in the formation of cobalt 
bromide complexes of varying compositions. These 
complexes have been shown to facilitate efficient oxidation 
of 1-propanol. 
 The addition of water to cobalt bromide mixture reduces 
the catalytic activity. This decrease may be ascribed to 
increasing hydrolysis of the “active” cobalt bromide 
complexes. 
 
5.2 Catalytic Air Oxidation of 1-Propanol in Glacial Acetic 
Acid 
It is quite clear from the results discussed in Chapter 3 that a 
number of experimental variables have a direct influence upon 
the rate of 1-propanol oxidation, as well as the amount of the 
respective carbonyl compounds formed during the said 
oxidation in glacial acetic acid. The findings of this investigation 
are summarized in the following paragraphs. 
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 Water concentration 
Introduction of water into the said oxidation system reduced the 
reaction rate quite significantly. However this detrimental effect 
of water may be ascribed to increasing hydrolysis of the “active” 
cobalt bromide complexes. These results imply that an efficient 
method of water removal will be required for optimum reaction 
rates. 
 
 Reaction temperature 
The catalyst activity and, consequently, the substrate 
conversion increased as the reaction temperature increased. 
However, the reaction selectivity decreased to some extent with 
increasing temperature. This selectivity phenomenon could be 
attributed to loss of volatile material from the reactor at high 
temperatures and the possibility of carboxylic acid product 
decarboxylation. The observed increase in reaction rate and 
subsequently the substrate conversion could be explained in 
terms of Arrhenius law. 
 
 Metal acetates  
The rate of reaction was reduced dramatically with the 
introduction of metal acetates as co-catalysts and only the 
Mn(II)acetate  showed some catalytic activity whilst others were 
inactive.. The difference in the activity of these metal acetates 
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can be explained in terms of the redox potentials for the 
respective metal ions.  
  
 Catalyst concentration 
Both reaction rate and amount of product are directly 
influenced, quite significantly by cobalt(II)acetate and sodium 
bromide concentrations quite significantly. The increase in both 
catalyst components results in an increase in reaction rate, 
subsequently the substrate conversion hence the amount of 
product formed. However, when the optimum concentration is 
reached, there is a dramatic rapid decrease in the catalytic 
activity hence the reaction rates decrease. This decrease is 
attributed to the catalyst complexes that form at these high 
concentrations, which are said to be inactive to catalyze the 
oxidation reaction.   These results highlight the fact that there is 
an optimum concentration level required for the said oxidation 
to be catalyzed effectively. The catalytic activity increases with 
increase of total concentration and rapidly decreases at high 
concentrations. This can be explained in terms of the 
observations made during the investigation of the effect of 
cobalt(II)acetate and bromide concentration.   
 
  Multivariate investigation of reaction parameters 
The results of statistical analysis of the experimentally derived 
response surface show no significant lack of fit, and the 
 CXVI
residuals obtained by applying the response surface to the 
design settings show that the data is normally distributed. The 
response surface is therefore reliable, but keeping in mind that 
the central composite design used is not rotatable so that its 
predictive power, especially outside the experimental domain 
investigated, is quite limited. However, several interesting 
observations are still possible. 
 
5.3 Oxidative Dehydrogenation of Ethanol Over Supported 
Noble-Metal Catalysts  
The oxidative dehydrogenation of ethanol over supported noble-
metal catalysts has been investigated with the view of 
identifying the most active supported noble-metal and also to 
compare this oxidation procedure with the autoxidation 
procedure. Secondly, the effect of an acidic resin as a co-
catalyst was also investigated the said oxidation. On the basis of 
results presented in this study, catalysts no.2 (10% Pd/C), 8 
(2% Pd/Al –  Pb-promoted) and 9 (2% Pt/8% Pd/C) appear to be 
the most active in terms of relative rates, while catalysts 6 (10% 
Pd/C- Pb-promoted), 7 (5% Pd/C-shell reduced-Pb -promoted) 
and 10 (5% Pt 5% Pd on C) are more active based on the 
comparison of average rates. Two other observations are of 
interest. Firstly, the promotion of the Pd catalysts with lead 
appears to improve catalyst activity to some extent as shown by 
the comparisons between catalysts 1 and 5, 4 and 8, 2 and 6 
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and 3 and 7. Secondly, the introduction of Pt up to equal 
amounts with palladium seems to produce the most active 
catalysts. On its own, platinum appears to be a better catalyst 
than Pd when supported on activated carbon (catalysts 1 and 
12). In comparison with the homogeneous, cobalt-bromide 
catalyzed oxidation of 1-propanol in the liquid-phase, oxidation 
over noble-metal catalysts in the liquid-phase appear to be 
significantly less active. The presence of the resin promoted the 
formation of ethyl acetate to some extent whilst  the 
improvements are not as dramatic as expected. 
 
5.4 Further Studies 
From the results presented in this study the following aspects require 
further attention: 
 The effect of various carboxylic acids as reaction solvent. 
 The reaction kinetics with respect to the autoxidation and 
oxidative dehydrogenation processes. 
 The effect of high reaction temperatures and pressures 
during these reactions. 
 The use of reaction solvent during oxidative 
dehydrogenation. 
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